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Abstract 
This PhD Thesis work was aimed at investigating the potentiality of 
tungsten-base materials as structural materials for the future 
thermonuclear fusion reactors in attempting to develop reduced 
activation tungsten-base materials with high strength and sufficient 
ductility, especially in terms of fracture toughness and ductile-to-brittle 
transition temperature, on the basis of the following ideas: (1) nano-
grained materials are expected to show an improved ductility with 
respect to normal grain-sized materials, and (2) nano-grained materials 
and materials reinforced with either oxide or carbide particles are 
expected to show improved strength and radiation resistance, as (i) the 
particles should act as obstacles for the propagation of mobile 
dislocations, (ii) the numerous grain boundaries and interfaces between 
the matrix and the particles should act as sinks for the irradiation-
induced defects, and (iii) the particles should also help stabilizing the 
numerous grain boundaries upon thermal annealing and/or irradiation. 
A variety of W-base materials, namely W-(0.3-1.0-2.0)Y2O3, W-(0.3-1.0-
2.0)Y and W-(0.3-0.9-1.7)TiC materials (in weight percent), have been 
successfully produced at the laboratory scale by powder metallurgy 
techniques including mechanical alloying followed by either cold 
pressing and sintering or hot isostatic pressing (HIPping). X-ray 
diffractometry and scanning and transmission electron microscopy 
observations combined with density and microhardness measurements 
as well as with tensile, Charpy impact, fracture toughness and non-
standard three point bending tests allowed the identification of optimal 
chemical compositions and manufacturing conditions, among those 
investigated and on the basis of the experimental devices at disposal. 
Microscopic investigations showed that the materials produced at the 
laboratory scale are composed of small grains, with sizes between a few 
tens and a few hundreds nanometers, and contain a high density of 
small Y2O3 or TiC particles, with sizes between 1 and 50 nm. In the case 
of W-Y materials, all the Y transformed into Y2O3 during mechanical 
alloying, due to the high amount of O (around 1 wt.%) present in the 
milled powders, which is beneficial for reducing the excess O content in 
the materials. All materials also contain a residual porosity of a few 
percents, which is typical of materials compacted by HIPping. 
Macroscopic investigations showed that the HIPped materials exhibit 
high strength values and a promising resistance to irradiation but poor 
fracture properties up to a very high temperature of about 1100°C, due 
mostly to air contamination of the mechanically alloyed powders and to 
residual porosity of the compacted materials. The materials produced 
entirely at the laboratory scale by mechanical alloying and HIPping are 
of better quality than a W-2Y material that was produced by 
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mechanical alloying at the laboratory scale and compacted by sintering 
and forging at the Plansee company (Austria). Further studies should 
focus on reducing the O content in the mechanically alloyed powders 
and the residual porosity of the compacted materials. The grain size 
should be also optimized as well as the size distribution, number 
density and crystallographic features of the oxide and carbide particles. 
Keywords: tungsten-base materials, fusion reactors, powder 
metallurgy, microstructure, mechanical properties 
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Résumé 
Ce travail de thèse de doctorat a eu pour but d'étudier la potentialité 
des matériaux à base de tungstène en tant que matériaux de 
structure destinés aux futurs réacteurs de fusion thermonucléaire, en 
tentant de développer des matériaux à base de tungstène à activation 
réduite présentant une résistance importante et une ductilité suffisante, 
particulièrement en termes de ténacité et de température de transition 
fragile-ductile, sur la base des idées suivantes: (1) les matériaux à 
grains de taille nanométrique présentent une ductilité accrue par 
rapport à celle de matériaux à grains de taille plus importante, et (2) les 
matériaux à grains de taille nanométrique et les matériaux renforcés 
soit par des oxydes soit par des carbures présentent une résistance 
accrue et une meilleure résistance à l'irradiation, car (i) les particules 
agissent comme des obstacles à la propagation des dislocations 
mobiles, (ii) les nombreux joints de grains et interfaces entre la matrice 
et les particules agissent comme des puits pour les défauts produits par 
l'irradiation, et (iii) les particules devraient faciliter la stabilisation des 
nombreux joints de grains lors de recuits ou sous irradiation. 
Une variété de matériaux à base de tungstène, W-(0.3-1.0-2.0)Y2O3, 
W-(0.3-1.0-2.0)Y et W-(0.3-0.9-1.7)TiC (en pourcents de poids), ont été 
produits avec succès en laboratoire par des techniques de métallurgie 
des poudres incluant un alliage mécanique suivi soit par une 
compression à froid et un frittage soit par une pression isostatique à 
chaud. La diffractométrie à rayons X et les techniques de microscopie 
électronique à balayage et à transmission, combinées à des mesures de 
densité et de microdureté ainsi qu'à des essais de déformation en 
traction, des essais de Charpy, des mesures de ténacité et des essais de 
fracture non standard en flexion trois-points, ont permis l'identification 
des composition chimiques et conditions de fabrication optimales, 
parmi celles étudiées et sur la base des outils expérimentaux à 
disposition. 
Les études microscopiques ont montré que les matériaux produits en 
laboratoire sont composés de petits grains, d'une taille se situant entre 
quelques dizaines et quelques centaines de nanomètres, et contiennent 
une grande densité de petites particules d'Y2O3 ou de TiC, d'une taille 
se situant entre 1 et 50 nm. Dans le cas des matériaux de type W-Y, 
tout l'Y s'est transformé en Y2O3 durant l'alliage mécanique, à cause de 
la grande quantité d'O (environ 1 pourcent en poids) présent dans les 
poudres alliées, ce qui est bénéfique à la réduction de l'O présent en 
excès dans les matériaux. Tous les matériaux contiennent également 
une porosité résiduelle de quelques pourcents, typique du processus de 
compaction par pression isostatique à chaud. 
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Les études macroscopiques ont montré qu'après pression isostatique à 
chaud les matériaux présentent une grande dureté ainsi qu'une 
résistance prometteuse à l'irradiation, mais de faibles propriétés en 
fracture jusqu'à une température très élevée, de l'ordre de 1100°C, 
résultant principalement d'une contamination des poudres alliées par 
l'air environnant ainsi qu'à la porosité résiduelle des matériaux 
compactés. Les matériaux produits entièrement en laboratoire par 
alliage mécanique et pression isostatique à chaud sont de meilleure 
qualité qu'un matériau de type W-2Y qui fut produit par alliage 
mécanique en laboratoire et compacté par frittage et forgeage à la 
compagnie Plansee (Autriche). De futures études devraient se focaliser 
sur une réduction du contenu en O des poudres alliées et de la porosité 
résiduelle des matériaux compactés. La taille des grains devrait 
également être optimalisée, ainsi que la taille, densité et 
caractéristiques cristallographiques des oxydes et des carbures. 
Mots clés: matériaux à base de tungstène, réacteurs de fusion, 
métallurgie des poudres, microstructure, propriétés mécaniques 
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Introduction 
The aim of this PhD thesis was the investigation of tungsten-base 
materials as candidate structural materials that can be used to build the 
divertor component of future fusion power reactors. Desired properties 
of such candidates are: reduced activation under neutron irradiation, 
good surface heat capability, good resistance to erosion, as well as high 
strength and sufficient ductility, i.e., high fracture toughness and a low 
ductile-to-brittle transition temperature. 
Pure tungsten fulfills a number of these requirements. It is insufficient, 
however, in terms of fracture toughness and ductility. Therefore, 
although pure tungsten is well suited for plasma-facing applications in 
fusion devices, it is not ideal as a structural material. 
Mechanical properties such as the ductile-to-brittle transition 
temperature are strongly dependent on the chemical composition and 
the production history, i.e., on the material’s microstructure. Therefore, 
in order to improve the properties of pure tungsten, we have pursued 
the following ideas: (1) Use nano-grained materials, as they are 
expected to show better ductility than normal grain-sized materials. (2) 
Materials reinforced with either oxide or carbide particles are expected 
to exhibit higher strength and radiation resistance, because: (i) the 
particles should form obstacles to the propagation of mobile 
dislocations, (ii) the numerous grain boundaries and interfaces between 
the matrix and the particles should act as sinks for irradiation-induced 
defects, and (iii) the particles should help stabilizing the numerous 
grain boundaries during thermal annealing and/or irradiation. 
Within the scope of this work, we have manufactured a variety of 
compositions of tungsten-yttria (W-Y2O3), tungsten-yttrium (W-Y) and 
tungsten-titanium carbide (W-TiC) by powder metallurgy techniques 
and subsequently characterized their microstructure and mechanical 
properties by combining scanning and transmission electron 
microscopy observations with density and microhardness 
measurements as well as with tensile, Charpy impact, fracture 
toughness and non-standard three point bending tests. 
The manuscript is divided into five chapters. 
 Chapter 1 contains an introduction to the key issues of materials for 
fusion power reactors and describes the advantages and drawbacks 
of commercial tungsten-base materials and the status of 
development of new reduced activation tungsten-base materials for 
structural applications in fusion power reactors. 
 Chapter 2 describes the tungsten-base materials investigated as 
well as the various powder metallurgy techniques and conditions 
Introduction 
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and the various characterization tools and conditions that were 
used. 
 Chapter 3 presents the results obtained for the various materials, in 
terms of density, microstructure and mechanical properties, versus 
their manufacturing conditions. 
 Chapter 4 discusses the main results presented in chapter 3, with 
emphasis on the optimal manufacturing conditions of tungsten-base 
materials and the microstructure and mechanical properties of the 
produced materials in comparison with original expectations and 
literature data. 
 Chapter 5 presents the main conclusions of this work and a number 
of perspectives for further possible activities. 
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Chapter 1: Literature Survey 
1.1 Introduction to materials for 
thermonuclear fusion 
The nuclear fusion reaction that requires the lowest energy and, hence, 
the most readily attainable fusion process on Earth, is the combination 
of a deuterium nucleus with one of tritium, which are both isotopes of 
hydrogen (Figure 1.1). The products of such a fusion reaction are a 
3.5 MeV helium ion (α particle) and a 14.1 MeV neutron, referred to as 
a fusion neutron. On Earth, to produce net power, fusion reactions must 
take place at very high temperature of at least 100 million degrees, 
which is around seven times hotter than the center of the Sun. At these 
very high temperatures, the fusion fuel turns into plasma. In the future 
fusion power reactors the helium ions will stay inside the plasma, 
contributing to its internal heating, while the fusion neutrons will leave 
the plasma and penetrate the components of the reactor located all 
around the plasma, where their kinetic energy will be transformed into 
heat that will be extracted by one of several cooling systems. The vapor 
produced by a steam generator will be used to run a turbine that will 
generate electricity. During their slowing down process inside the 
various components surrounding the plasma, the fusion neutrons will 
produce nuclear transmutation reactions and atomic displacement 
cascades inside the various encountered, and therefore irradiated, 
materials. Atomic displacement cascades will induce the formation of 
vacancies and interstitial atoms, while nuclear transmutation reactions 
will produce mainly hydrogen and helium gas atoms as well as 
(radioactive) metallic impurities [1, 2]. Due to the interaction between 
the various irradiation-induced defects, the microstructure of the 
irradiated materials may suffer an important degradation. 
 
 
Figure 1.1: Schematics of the deuterium-tritium fusion reaction. 
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The challenging environment of fusion reactors (severe irradiation, high 
heat flux, chemical compatibility and thermal-mechanical stresses) 
requires the utilization of advanced high-temperature materials in order 
to enable the successful development of fusion energy. 
The main factors limiting the choice of materials for fusion reactors are 
the irradiation-induced degradation of their physical and mechanical 
properties and the irradiation-induced loss of their dimensional 
stability. In addition to a good resistance to irradiation damage, the 
materials must show high thermal stress capability, long lifetime, good 
compatibility with the coolants and other materials in the reactor, easy 
fabrication, reasonable costs and good safety and environmental 
behavior. The decay heat and residual radioactivity of irradiated 
materials are important factors for the waste management strategy. 
This has led to the development of reduced or low activation materials 
[3, 4]. One distinguishes the materials for the International 
Thermonuclear Experimental Reactor (ITER), i.e., the next-step 
international fusion device, from the materials for the future fusion 
power reactors, i.e., the demonstration fusion power reactors (DEMO-
type reactors) as well as the commercial fusion power plants. 
1.1.1 Materials for the International 
Thermonuclear Experimental Reactor (ITER) 
The international scientific community is now ready, at the scientific 
and technical levels, to build a large fusion device that integrates both 
physics and technology. The aim of the project ITER (see Figure 1.2), 
presently supported by seven parties (Europe, Japan, USA, Russia, P.R. 
China, South Korea, India), is to demonstrate the scientific and 
technical feasibility of thermonuclear fusion for producing energy. The 
construction of ITER was started in 2008. The first hydrogen plasma is 
expected to be realized in 2019, the first deuterium-tritium plasma in 
2026. 
ITER is a large and complicated fusion device that will be made up of 
numerous components mostly cooled with water. The components and 
materials to be used in ITER are listed in [5, 6, 7, 8, 9, 10], while the 
design of main ITER components is reported in [11, 12, 13, 14]. In 
ITER, the components that will be exposed to the most severe 
environmental conditions include the plasma-facing components (first 
wall, divertor) and the blanket components. The austenitic stainless 
steel (SS) 316L(N)-IG, where IG stands for ITER Grade and (N) for 
controlled nitrogen content, will be the main structural material for the 
ITER vacuum vessel and in-vessel components (e.g. blanket, first wall, 
divertor) [5]. 
Literature Survey Chapter 1 
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In ITER, the blanket/first wall system will surround the plasma [15]. Its 
primary function will be to protect the vacuum vessel from high levels 
of thermal and nuclear radiation. In combination with the vacuum 
vessel, the blanket/first wall system will provide the shielding for the 
outer components (e.g. the superconducting coils). In order to ease 
construction, installation and maintenance, the blanket/first wall system 
will be made up of 440 modules. The first wall will consist of a 
beryllium layer, a few millimeters thick, applied on a heat sink made of 
a CuCrZr alloy. Although beryllium is a low Z-number material and 
exhibits a large sputter yield (high erosion rate), it is a good oxygen 
gatherer and should allow good plasma performance. The body of the 
modules and the cooling pipes will be made of SS 316L (N)-IG. 
The main functions of the divertor are to exhaust most of the α particle 
power and to extract helium and impurities from the plasma [9, 16, 17]. 
The divertor will also provide neutron shielding for the vacuum vessel 
and the superconducting coils located in the vicinity of the divertor. In 
addition to neutron irradiation, the divertor will have to withstand very 
high temperatures and surface heat loads. 
The poloidal geometry of the divertor has been developed on the basis 
of magnetic confinement devices of the tokamak type. The divertor will 
be composed of 54 cassettes [9]. Each cassette comprises a body 
supporting plasma-facing components including a dome and vertical 
targets. The ITER divertor will be mostly made of SS 316L(N)-IG as 
structural material and a CuCrZr alloy as heat sink material that will be 
armoured with tungsten and a carbon fiber reinforced ceramic 
composite (CFC) at the strike points during the initial hydrogen 
operation phase, and only with tungsten in the later deuterium and 
deuterium-tritium operation phases. 
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Figure 1.2: Schematics of ITER [18]. 
In ITER, the materials will have to withstand much less severe 
environmental conditions than in fusion power reactors. The 
accumulated damage at the end of life will be no more than 3 to 5 
displacements per atom (dpa), while the maximum temperature at the 
level of the first wall is only about 500°C [3, 19]. Therefore, from the 
beginning of the ITER project, only industrially available materials were 
considered. However, the specific ITER operational conditions, in terms 
of irradiation conditions, temperatures and mechanical stresses among 
others, have required modifications of a number of existing materials, 
by means of composition refining and thermal-mechanical treatments, 
in order to meet specific strength and safety requirements. 
1.1.2 Materials for fusion power reactors 
ITER should be followed by the construction of one or several 
DEMOnstration fusion power reactors, referred to as DEMO-type 
reactors, which will aim at demonstrating that it is possible to produce 
electricity based on fusion reactions. DEMO-type reactors are planned 
to become operational in 2035–2050 and will soon be followed by the 
construction of fusion power plants (Figure 1.3). 
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Figure 1.3: Schematics of a fusion power plant [20]. 
In fusion power reactors the components exposed to the most severe 
environmental conditions are the plasma facing components (first wall, 
divertor) and the breeding blanket components. Presently, no complete 
design of a fusion power reactor or even a DEMO-type reactor is 
available. However, various first wall/breeding blanket and divertor 
concepts are being studied within the seven ITER parties. The various 
first wall/breeding blanket concepts are described in [21, 22]. 
The first wall will consist of a structural material attached to a plasma-
facing (or armour) material. In fusion power reactors, the blanket will 
have an additional tritium breeding function, with respect to ITER 
blanket functions, and will thus contain a neutron multiplier material 
and a tritium breeding material in addition to one or several coolants 
and a structural material to contain and separate the other materials. 
Neutron multiplier and tritium breeding materials are called functional 
materials. The divertor will consist of a structural material (which also 
serves as a heat sink) that, on one side, is connected to a cooling 
system, and, on the other side, supports the plasma-facing material (the 
armour). Hence, three types of materials are of primary concern 
(Figure 1.4): the plasma-facing materials, which shield the underlying 
components from the heat produced by the plasma, the functional 
materials, which will have one or several particular functions (e.g., 
tritium breeding, neutron multiplication, optical transmission, etc.), and 
the structural materials, which will support the basic structure of the 
reactor [4]. 
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Figure 1.4: Simplified schematics of the main types of components 
and materials that will be exposed to the most severe environmental 
conditions in a fusion power reactor [3]. 
Candidate materials for fusion power reactors have a chemical 
composition that is based on low activation chemical elements (Fe, Cr, 
V, Ti, W, Si, C) [3, 5]. In particular, it can be seen in Figure 1.5 that the 
chemical elements Ni, Mo and Nb have to be avoided in fusion power 
reactors. 
 
 
Figure 1.5: Dose rate of various chemical elements versus time 
after shutdown of a fusion power plant [Karlsuher Institute of 
Technology]. 
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1.1.2.1 Structural materials 
The selection of structural materials is very challenging. They will be 
exposed to high temperatures and high levels of neutron irradiation as 
well as to high mechanical and thermal-mechanical stresses. In 
addition, the thermal efficiency of a reactor, η, according to the Carnot 
cycle, is proportional to the difference between outlet (To) and inlet (Ti) 
temperatures of the coolant (η ≤ 1-Ti/To) [23]. These temperatures are 
mainly limited by the temperature window for use, i.e., the window of 
operation, of the structural materials, which is mainly limited by their 
(thermal, mechanical, dimensional) resistance to irradiation [21]. 
The main candidate structural materials for fusion power reactors 
include the reduced activation ferritic/martensitic (RAFM) steels, the 
oxide dispersion strengthened (ODS) RAFM and ODS reduced 
activation ferritic (RAF) steels, the tungsten-base alloys, the vanadium-
base alloys and the fiber reinforced SiC/SiCf ceramic composites [3, 24, 
25, 26, 27, 28]. Each alternative class of materials exhibits specific 
problems related to their intrinsic properties and their resistance to 
fusion power reactor environmental conditions. Presently, the most 
promising structural materials are the RAFM steels, for which 
fabrication routes, welding technology and general industrial 
experience have been almost achieved. However, their present 
temperature window for use is only about 350-550°C, the lower 
temperature limit being due to an irradiation-induced embrittlement 
effects and the upper temperature limit due to a strong drop in 
mechanical strength, in particular in creep strength. Nevertheless, a 
difference of 200°C between the outlet and inlet temperature of the 
coolant should be sufficient to ensure acceptable efficiency of at least 
the first generation of fusion power reactors [14, 18, 19]. 
1.1.2.2 Functional materials 
Functional materials will play important roles in the severe 
environment of fusion power reactors [29, 30, 31, 32]. They include 
tritium breeding materials (such as lithium-containing oxides or a Pb-Li 
alloy) [3, 5, 33, 34, 35], neutron multiplier materials (e.g. beryllium and 
lead) [36, 37, 38, 39, 40, 41], and optical and insulating materials (e.g. 
ceramics and glasses) for diagnostic, heating and current drive systems 
[10, 42, 43]. 
Irradiation modifies the properties of functional materials dynamically 
and irreversibly. For example, irradiation produces electronic 
excitations, which heat the bulk. Furthermore, at high doses, structural 
changes occur through radiolysis, as well as through modifications of 
the microstructure due to an increase in the mobility of point defects 
and ions, which, in turn, results in changes of dimensions, mechanical 
and functional properties. Four irradiation-induced degradation 
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mechanisms are of concern [30]: radiation-induced electrical 
conductivity, radiation-induced electrical degradation, surface effects, 
and radiation-induced electromotive force. 
The mechanical resistance under irradiation of functional materials is 
presently considered of no primary concern. However, material 
properties like the tritium release behavior, thermal conductivity and 
structural integrity after prolonged neutron irradiation are important 
concerns. As compared to structural materials, considerably more 
hydrogen and helium atoms are generated in functional materials, e.g. 
in beryllium-type neutron multipliers and lithium ceramic-type 
breeders. The radiation resistance of functional materials for 
diagnostics, such as ceramic insulators, dielectric and optical windows, 
optical fibers or complete sensor assemblies, is also an important issue 
[30, 31, 32]. 
1.1.2.3 Plasma facing materials 
Plasma-facing materials will be directly exposed to the fusion plasma, 
which means that they have to endure a high heat flux of energetic 
particles (0.1-20 MW/m2), high temperatures (500-3200°C), 
electromagnetic radiation, sputtering erosion, blistering and exfoliation, 
high levels of neutron-irradiation (3-30 dpa/year in steels), and off-
normal events like plasma disruptions and edge localized mode events. 
Key issues are related to hydrogen trapping, erosion and high heat 
loads [44, 45]. Selection of plasma-facing materials is mainly limited by 
their capability to absorb heat and minimize plasma contamination. 
Bulk tungsten and tungsten-base coatings are considered as the main 
candidate plasma-facing materials for the first wall and the divertor 
[46]. Functionally graded materials (e.g., W-Fe based materials) are 
also of strong interest [17, 47]. An alternative to the use of high-
melting-point materials would consist in using a flowing liquid metal as 
plasma facing material [48]. Flowing liquids have a very high heat load 
capability (up to about 50 MW/m2) and could allow simultaneous heat 
and particle removal. Liquids being considered are lithium, gallium, tin, 
and possibly a tin-lithium mixture [49]. 
1.2 Introduction to tungsten and tungsten-
base materials 
1.2.1 About tungsten 
Tungsten (also known as Wolfram, chemical symbol W) solidifies in a 
body-centered cubic (bcc) crystal lattice. With an earthly crust 
abundance of about 0.006 wt.% it is almost as frequent as Ni or Cu [49]. 
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Tungsten was discovered more than 200 years ago in the large slag 
formation resulting from the production of tin. The principal ores, 
FeWO4, MnWO4 and CaWO4, are found in Southeast Asia, North 
America and Austria. 
1.2.2 Manufacturing routes 
The production route of tungsten starts with crashing the iron-
manganese tungstate (Fe, Mn)WO4, which contains about 60% of W. 
The ore is eventually converted to WO3, which is heated with hydrogen 
or carbon to produce powdered W. The final product is pure W and 
carbon dioxide or water as by-products. Another possible route is to use 
a variety of chemical reactions to obtain ammonium paratungstate, 
which is processed to W oxide, which is reduced to pure W powder. 
Tungsten can also be extracted by hydrogen reduction of WF6 or by 
pyrolitic decompression from WF6. Pure tungsten powder is the main 
raw product for the manufacturing of W-base materials [49]. 
Various W-base materials with different thermal-mechanical properties 
can be produced by means of either powder metallurgy, casting, 
chemical vapor deposition or plasma spraying. Due to the high melting 
temperature of W and W-base materials, the typical production route is 
based on powder-metallurgical sintering. Consolidation of the W 
powder by pressing at room temperature and pre-sintering at 
1300-1600°C under hydrogen leads to a density of 60 to 70% (with 
respect to the theoretical value for the perfect tungsten lattice 
structure). In a second step, termed full sintering, the material is 
further compacted by means of spark plasma sintering, i.e., it is heated 
by an electrical current passing through it to temperatures of 0.5 to 
0.9 Ts, where Ts represents the solidification temperature in K. 
However, after these treatments the material remains fragile and its 
density below 95%. In order to increase the density and improve 
ductility even further, the sintered products are subsequently subjected 
to thermal-mechanical treatments such as swaging, extrusion, rotation 
forging or rolling [49]. 
Cast W is a relatively new product. The maximum oxygen content in 
arc-cast W is about 10 times lower than in comparable powder 
metallurgical products. In the past, as-cast W, due to its large grain 
size, was typically too brittle to be processed into sheets or plates. 
However, more recently, a weakly alloyed W (W-Mo-Y-Ti) material, 
designated as W-13I, has been produced by vacuum melting and cold 
deformation. The addition of reactive elements such as yttrium and 
titanium reduces the amount of free oxygen and carbon, resulting in 
improved mechanical properties [50, 52, 53]. 
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Chemical vapor-deposited W (CVD-W) and plasma-sprayed W (PS-W) 
have been realized in the lab, but are not commercially available. The 
CVD method is used to produce a dense W coating up to 10 mm in 
thickness on a given substrate. CVD-W exhibits an excellent resistance 
to thermal fatigue loading up to 20 MW/m
2
, as well as a good thermal 
shock resistance up to 2 GW/m
2
, especially when W is pre-heated at 
high temperatures. The major concerns for large-scale use of CVD-W 
are the very low depositions rates and high costs of fabrication [52, 53]. 
PS-W can be an economical alternative for high heat flux conditions, 
with high depositions rates and better chances of in situ repair, but it 
exhibits a much larger porosity than CVD-W [52, 54]. 
1.2.3 Advantages of tungsten-base materials 
Among all alloyed and unalloyed metals, tungsten has the highest 
melting point (together with rhenium), at Tm = 3422°C, as well as the 
lowest vapor pressure, Pv = 1.3·10
-7 Pa at Tm. In addition, W has a high 
threshold for physical sputtering energy (Eth ≅ 200 eV for deuterium), 
i.e., it is a “low erosion” material. Pure W also exhibits high strength at 
high temperatures, a good surface heat capability (11.3 kW/m at 
1000°C) characterized by a high thermal conductivity and a low 
coefficient of thermal expansion, associated with a good thermal shock 
resistance [56], as well as a low hydrogen solubility and a low tritium 
retention (W does not form hydrides or co-deposits with tritium) [48]. 
Pure W does not suffer from high activation [54, 55]. The physical and 
mechanical properties of W and some W-base alloys are reviewed in 
[56]. 
1.2.4 Key issues for tungsten-base materials 
Pure W exhibits inherent low fracture toughness at all temperatures 
(Figure 1.6) associated with a high ductile-to-brittle transition 
temperature (DBTT). The DBTT depends strongly on chemical 
composition (alloying elements, impurities) and production history (e.g. 
forging, stress release heat treatment), i.e., on the microstructural state 
of the material (grain size and shape, texture, grain boundary 
character). Ab initio calculations and molecular dynamics simulations 
have shown that this may be due to the nature of the core of the screw 
dislocations in pure W [57]. Only a few studies have investigated this 
relation. In [51,54], pure W and W-1%La2O3 (WL10) were 
manufactured with final production steps including forging (hot 
deformation to 80% and above), stress release heat treatment and fine 
grinding of the surfaces. The DBTT was found to be 800±50°C and 
950±50°C, respectively. In [58, 54], the DBTT was reported to be in the 
range of 250-600°C for pure W and WL10, both produced by 
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mechanical alloying or pressing and sintering followed by hot work. 
Similar values of the DBTT were observed for W-13I [50]. In more 
recent studies, DBTTs of about 350°C and 950°C were determined for 
unirradiated pure W and WL10, respectively [56, 58]. In conclusion, the 
DBTT of W-base materials is not a universal property, but must be 
determined for any given microstructure. 
Due to displacement damage and via its dependence on the chemical 
composition, the DBTT is also subject to changes caused by irradiation, 
namely, after five years of operation in a fusion reactor, plasma-facing 
pure W will have transmuted into an alloy of 75%W, 12%Re and 13% Os 
[59]. At this composition, the so-called sigma phase, characterized by a 
complex crystal structure with a 30-atom unit cell, becomes 
thermodynamically stable and forms precipitates [59]. The sigma phase 
is extremely brittle, resulting in a drastic increase of the ductile-to-
brittle transition temperature [59]. 
Furthermore, irradiation may also lead to a deterioration of other key 
properties, such as electrical and thermal conductivity. 
 
 
Figure 1.6: Temperature dependence of the fracture toughness of 
pure W in various conditions [61]. 
Joining of W-base alloys to (ODS) RAFM steels is also a concern, for 
instance in the case of the European helium-cooled divertor concept. 
Joints of dissimilar materials suffer from a mismatch in coefficients of 
thermal expansion, which can give rise to the development of high 
stresses and eventually to fatigue and creep phenomena. The preferable 
joining technique seems to be high-temperature brazing at 
1120-1180°C with Ni-base amorphous foils and brazing pastes as filler 
[60, 62, 63]. 
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1.2.5 Current applications 
Due to their high melting point and low vapor pressure, W and its alloys 
are well suited for all kinds of high temperature/high vacuum 
applications [49, 54]. Thanks to its good erosion resistance, W is widely 
used as a contact material in switches, as well as filament or electrode 
material in lighting, welding and spark erosion. Its low thermal 
expansion, which happens to be the same as the one of silicon, makes it 
the material of choice for vacuum-tight glass seals. Tungsten is used in 
heating elements for its high strength and geometrical stability at 
elevated temperatures, and in thermocouples up to 2000°C when 
alloyed with rhenium. Because of its high density and high atomic 
number (Z), it is widely used in medical X-ray devices, but also in 
nuclear components, as shielding. W carbide, for its extraordinary 
hardness, is the base material for wear resistant parts and hard 
components of cutting tools. 
1.2.6 Potential applications in fusion devices 
It is usually considered that pure W (bulk material, coating) is most 
suited for use as plasma facing material (armour) for the divertor in 
ITER (see Figure 1.7) and for the first wall and the divertor (see 
Figure 1.8) in fusion power reactors, due to its high melting 
temperature and its high erosion resistance [64, 65]. 
The development of W-base materials for high temperature structural 
applications, e.g. in the high temperature region of plasma facing 
components, such as high heat flux and high temperature heat removal 
units of DEMO-relevant helium-cooled divertor concepts, is still at its 
very beginning. The European helium-cooled divertor concept 
(Figure 1.8) considers small tiles of pure W as a protective layer, which 
is brazed to a finger-like (thimble) structural element made of a W-base 
material (e.g. W-1%La2O3, CVD-W, single crystalline W) joined to the 
supporting structure, made of ODS EUROFER (an ODS RAFM steel). 
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Figure 1.7: Schematics of the divertor for ITER [14]. 
 
Figure 1.8: Schematics of the finger-like units for the European 
helium-cooled divertor concept for DEMO-type reactors [65]. 
1.2.7 Present temperature window for use of pure 
tungsten 
The present temperature window for use of pure W in fusion power 
reactors was determined on the basis of all possible irradiation-induced 
effects, including embrittlement effects (loss of fracture toughness, 
increase in DBTT, and decrease of ductility), and thermal conductivity 
degradation at low temperatures as well as loss of creep strength and 
various helium dust effects (embrittlement, swelling) at high 
temperatures. It was evaluated to be about 900-1300°C, but it is still 
very uncertain. However, it appears very narrow for the time being 
[66]. 
Therefore, present manufacturing and characterization activities in the 
field of fusion aim at identifying and/or developing W-base materials 
that are radiation resistant at all temperatures and as ductile as 
possible at low to moderate temperatures. Such materials are mostly 
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designed for structural applications and/or armour applications in 
fusion power reactors [67, 68]. 
1.3 Commercial tungsten-base materials 
Apart from W-Cu composite materials, which are not reduced 
activation materials and therefore of little interest to applications in 
fusion power reactors, the main commercial W-base materials include 
pure W, W-Re alloys, W-1wt.%La2O3 (WL10) and potassium-doped W 
(AKS-W). The main commercial W-Re alloys contain between 5 and 
26 wt.% of rhenium. As Figure 1.9 demonstrates, W-Re exhibits a 
better ductility and fracture toughness than pure W, WL10 or 
potassium-doped W as well as a better resistance to swelling compared 
to pure W (Figure 1.10). According to [57] ab initio calculations and 
molecular dynamics simulations showed that only Re as an alloying 
element is able to improve the mobility of the dislocations in pure W (in 
changing the core structure of the screw dislocations) and as a result to 
improve the ductility of W-base alloys.  
 
 
Figure 1.9: Fracture toughness of pure W, a W-Re alloy, 
W-1%La2O3 (WL10) and potassium-doped W (AKS-W) [57]. 
Literature Survey Chapter 1 
 17 
 
Figure 1.10: Swelling of irradiated W (round symbols) and 
W-25%Re (square symbols), based on immersion density 
measurements [69]. 
Unfortunately, the presence of rhenium markedly accelerates the 
irradiation-induced embrittlement due to the eventual formation of the 
sigma phase described in section 1.2.4. In addition, rhenium is 
relatively rare and expensive, which makes it of limited interest for 
future use in fusion power reactors. Therefore, rhenium should be 
replaced with another chemical element having similar beneficial 
properties in the unirradiated state, while exhibiting improved 
irradiation resistance. The main W-base alloys under development 
include W-Ti, W-V and W-Ta alloys reinforced or not with oxide or 
carbide particles, which will be discussed next. 
1.4 Present manufacturing activities 
Present manufacturing activities are based on the ideas that W-base 
alloys and nano-grained W-base materials should be more ductile than 
pure W, while nano-grained W-base materials and oxide or carbide 
dispersion strengthened W-base materials should be more radiation 
resistant than pure W, as the numerous interfaces between the grain 
boundaries and between the matrix and the oxide or carbide particles 
should act as sinks for the irradiation-induced defects (Figure 1.11). In 
addition, the oxide or carbide particles should help stabilizing the grain 
boundaries upon thermal annealing or irradiation, for instance. 
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Figure 1.11: Strategy of the present manufacturing activities. 
1.4.1 Manufacturing of tungsten-base alloys 
1.4.1.1 W-Ti materials 
Various materials have been manufactured with the composition in the 
range of W-(2-4)Ti-(0-0.5)Y2O3 (in wt.%) [70]. They were produced by 
blending followed by mechanical alloying, canning and degassing of the 
mechanically alloyed powders, and compaction of the powders by two-
step hot isostatic pressing (HIPping) (Figure 1.12). 
 
 
Figure 1.12: Manufacturing route of W-Ti materials [70]. 
Following compaction of the powders by HIPping, fully dense materials 
have been obtained. The materials prepared using Y2O3 particles were 
observed to contain complex W-Ti-O particles (Figure 1.13). The 
presence of Ti yields significant grain refinement (mean grain 
size ≅ 2 µm) that leads to larger microhardness, flexural strength and 
fracture toughness values, but the DBTT value of the materials remains 
very high [70]. 
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Figure 1.13: Transmission electron microscopy (TEM) images of 
W-Ti materials [70]. 
1.4.1.2 W-V materials 
They appear quite promising because vanadium has a smaller affinity 
with oxygen than titanium, and vanadium is isomorphous with W (i.e., a 
W-V solid solution can be obtained over the whole range of chemical 
compositions) (Figure 1.14). In addition, W-V alloys have a higher 
melting point than W-Ti alloys (Figure 1.14). 
 
 
Figure 1.14: Phase diagrams of W-Ti and W-V alloys [71]. 
Various materials have been manufactured with the chemical 
compositions in the range of W-(2-4)V-(0-1)La2O3 (in wt.%) [71]. They 
were produced by blending followed by mechanical alloying, canning 
and degassing of the mechanically alloyed powders, and compaction of 
the powders by HIPping (Figure 1.15). 
 
 
Figure 1.15: Manufacturing route of W-V materials [71]. 
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Following mechanical alloying smaller powder particles than after 
blending were evidenced (Figure 1.16), and the vanadium peaks are no 
more visible in X-ray spectra (Figure 1.17), indicating that a W-V solid 
solution formed during mechanical alloying [71]. The crystallite size 
increases with the vanadium content in the powders. 
 
 
Figure 1.16: Powder particle sizes after blending and mechanical 
alloying [71]. 
 
Figure 1.17: X-ray spectra for W-4V-1La2O3 after blending, 
mechanical alloying and HIPping [71]. 
Following compaction of the mechanically alloyed powders by HIPping, 
it was observed that the higher the vanadium content in the powders 
the higher the density and the microhardness of the compacted ingots 
(Table 1.1). A part of vanadium precipitated during the HIPping 
process, the rest of vanadium remaining alloyed with W (Figure 1.18). 
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Table 1.1: Microhardness of various W-base materials after HIPping [71]. 
 
 
Figure 1.18: Scanning electron microscopy (SEM) images of W-V 
alloys after HIPping [71]. 
1.4.2 Manufacturing of nano-grained tungsten-
base materials 
The main materials under development include nano-grained pure W, 
W-1La2O3 (WL10, in wt.%), potassium doped W (WVM) and W-TiC 
materials. Such materials are being produced by electro-deposition, or 
severe plastic deformation methods (Figure 1.19) such as high pressure 
torsion (HPT), equal channel angular pressing (ECAP) and high speed 
hot extrusion (HSHE), or mechanical alloying followed by HIPping and 
adequate thermal-mechanical treatments. 
 
 
Figure 1.19: Schematics of the HPT and ECAP methods, and picture 
of a HSHE device. 
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1.4.2.1 Electro-deposition method 
A 85Fe-15W alloy (in at.%) has been successfully produced by electro-
deposition, which was observed to have a mean grain size of about 
50 nm (Figure 1.20) [72]. This nano-grained microstructure was found 
stable upon thermal annealing, at least up to 650°C. 
 
 
Figure 1.20: TEM images of the microstructure of the as-produced 
and annealed 85Fe-15W alloy manufactured by electro-deposition 
[72]. 
1.4.2.2 High pressure torsion method 
Pure W, W-1La2O3 (WL10, in wt.%) and WVM materials have been 
produced by HPT. They have been found to have a mean grain size of 
about 300 nm [73]. The refinement obtained by HPT was found to yield 
an increase in fracture toughness (Figure 1.21), up to about 30 MPa·m½ 
at room temperature, accompanied with a decrease of the DBTT value. 
However, thermal annealing at 800-1200°C for 1 hour was found to 
yield a significant re-crystallization, i.e., an increase in grain size. 
Other severe plastic deformation methods, including a special version 
of cyclic channel die compression and the upscaling of the HPT 
technique, are being tested. However, large-scale industrial application 
of severe plastic deformation methods is hard to imagine presently, 
because only very small quantities of materials can be usually produced 
using such techniques. 
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Figure 1.21: Fracture toughness versus true strain for pure W, 
W-1%La2O3 (WL10) and WVM materials submitted to HPT [73]. 
1.4.3 Manufacturing of oxide or carbide dispersion 
strengthened tungsten-base materials 
The main materials under development include W-Y2O3 and W-TiC 
materials. The manufacturing and characterization of these two types of 
materials is the subject of the present Thesis work. Main available 
literature data are summarized below. 
1.4.3.1 W-Y2O3 materials 
Yttrium is not a low activation chemical element. Therefore, the 
addition of large quantities of pure yttrium or Y2O3 to W should not be 
considered for application in fusion power reactors. However, pure 
yttrium has a very good chemical affinity with oxygen, which 
overwhelms the one of W with oxygen, and W-Y2O3 materials present a 
good erosion resistance [74, 75, 76, 77, 78, 79]. Yttrium oxide (yttria), 
i.e., Y2O3, is actually the most stable oxide, with the highest melting 
temperature of 2439°C and an excellent chemical and thermal stability 
[80, 81]. 
The addition of Y2O3 particles to a W matrix leads to grain refinement: 
the larger the amount of Y2O3 particles the smaller the grain size 
(Figure 1.22). For instance, the grain size decreases from about 30 µm 
down to 10 µm when the amount of Y2O3 particles is increased from 
0.1 wt.% up to 5 wt.% [82]. Figures 1.22 and 1.23 show that the Y2O3 
particles are mostly located at the grain boundaries. 
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Figure 1.22: SEM images of W-base materials containing Y2O3 
particles located at the grain boundaries (a) W-0.1Y2O3, 
(b) W-0.5Y2O3, (c) W-1.0Y2O3, and (d) W-5.0Y2O3 (in wt.%) [81]. 
 
Figure 1.23: Y2O3 particle distribution at the grain boundaries [81]. 
Another advantage of the addition of Y2O3 particles to W is to yield an 
increase in the density of the material (Table 1.2). The addition of only 
0.02 wt.% Y2O3 increases the relative density of the material by about 
1% [74]. It can also be seen in Table 1.2 that the relative density, 
tensile strength and elongation do not exhibit a linear behavior versus 
the Y2O3 content. In particular, the largest tensile strength and 
elongation values are obtained for an Y2O3 content equal to 0.04 wt.%. 
When the Y2O3 content is smaller or higher, the tensile strength and 
elongation values are smaller, as in that case the distribution of oxide 
particles is more heterogeneous. In particular, when the Y2O3 content is 
too high, the Y2O3 particles have a tendency to agglomerate at the grain 
boundaries, acting as crack nucleation sites [74]. 
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Table 1.2: Relative density, tensile strength and elongation of 
W-Y2O3 materials versus the Y2O3 content [74]. 
 
1.4.3.2 W-TiC materials 
W-(0.3-0.7)TiC materials (in wt.%) have been produced by HIPping at 
quite low temperature by Japanese researchers [83]. They were 
observed to have a mean grain size as low as 60 nm (Figure 1.24) [83]. 
This nano-grained microstructure was found to yield an increase in 
fracture strength with respect to the one of pure W as well as a reduced 
radiation damage and radiation hardening with respect to those 
observed for pure W (Figure 1.25). 
 
 
Figure 1.24: TEM image of the microstructure of a W-TiC [83]. 
 
Figure 1.25: Fracture strength and radiation damage in pure W and 
W-TiC materials [83]. 
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More recently, W-(0.25-0.8) TiC materials (in wt.%) have been 
produced using two different mechanical alloying atmospheres, i.e., 
either very pure argon or hydrogen, and HIPping. It was found that the 
mechanical properties at room temperature are not significantly 
dependent on the atmosphere. Argon atmosphere gives rise to small 
argon-containing bubbles that yield pinning effects similar to those 
provided by the fine TiC particles and cause additional grain 
refinement. No ductility was found to occur prior to fracture for both 
materials [84]. Both materials also exhibit a similar temperature 
dependence of the flow stress in the temperature range of 
1400-1700°C, where the work hardening rate was zero. However, 
W-TiC-H2 materials exhibit larger plastic strain rate dependence than 
W-TiC-Ar materials (Figure 1.26). 
 
 
Figure 1.26: Plastic strain rate dependence of the flow stress at 
1400°C and 1700°C for W-0.5TiC-H2 and W-0.5TiC-Ar, m = strain 
rate sensitivity of the flow stress [84]. 
Microstructural modifications of W-1.1TiC-Ar and W-1.1TiC-H2 
materials by hot plastic working were found to improve the density, the 
fracture resistance (characterized by a very high fracture strength) and 
the ductility (characterized by an appreciable ductility in three-point 
bending tests at room temperature) of both materials (Figure 1.27). 
W-1.1TiC-Ar and W-1.1TiC-H2 materials exhibit a recrystallized 
microstructure composed of grains with a mean size of approximately 
0.5 and 1.5 µm, respectively. The room temperature ductility of 
W-1.1TiC-H2 was found more noticeable than the one of W-1.1TiC-Ar, 
which was attributed to the lower hardening rate of the larger grain 
size material, namely W-1.1TiC-H2 [85]. 
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Figure 1.27: Three-point bending stress-strain curves at room 
temperature for the W-1.1TiC-H2 material before and after plastic 
working at 1650°C, yielding a reduction rate of about 80% [85]. 
1.5 Introduction to powder metallurgy 
manufacturing techniques 
1.5.1 Mechanical alloying 
Oxide and carbide dispersion strengthened W-base materials are 
typically produced by means of mechanical alloying and HIPping. 
Mechanical alloying is used for controlling the distribution of the 
second phase in the W matrix. According to the literature, mechanical 
alloying homogenizes the particle size distribution in the powders, 
decreases the crystallite size and increases the lattice strain 
(Figure 1.28). In addition, the compacted materials prepared from 
mechanically alloyed powders show a better density than the materials 
prepared using raw (not mechanically alloyed) powders [75, 76, 77, 78, 
80, 81]. 
 
 
Figure 1.28: Typical effects of the mechanical alloying time on 
(a) the crystallite size, and (b) the lattice strain [86]. 
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Mechanical alloying is a solid-state processing technique involving 
repeated welding, fracture and re-welding of powder particles in a ball 
mill. Mechanical alloying is capable to produce a variety of equilibrium 
and non-equilibrium alloys starting from blended elements or pre-
alloyed powders [78, 86, 87]. The mechanical alloying process starts by 
mixing powders in the desired proportion in a ball mill along with 
grinding balls. This mix is then milled, i.e., mechanically alloyed, along 
with the grinding balls for a certain time, until a steady state is reached 
in which the composition of every powder particle is the same as the 
proportion of the chemical elements in the original powder mix [78, 88, 
89, 90, 91, 92]. 
During mechanical alloying, the powder particles are repeatedly 
flattened, cold-welded, fractured and re-welded. Whenever two balls of 
the grinding medium collide, some particles of powder are stuck 
between them. The force of the impact plastically deforms the powder 
particles. This leads to work hardening and fracture of the particles. 
The new surfaces created can weld together, which leads to an increase 
in the particle size (Figure 1.29). Since in the early stages of 
mechanical alloying the particles are soft, the tendency to weld 
together and create new particles is high. Due to this process large 
particles develop, some being three times larger than the starting 
particles. The particles at this stage have a layered structure consisting 
of various combinations of the starting components. Then, the size of 
the particles decreases, because there is absence of strong 
agglomerating forces (Figure 1.29). At this stage, the tendency to 
fracture predominates over cold welding. Due to the continued impact 
of grinding balls, the structure of the particles is refined. Finally, the 
inner layer spacing decreases and the number of layers in a particle 
increases. After mechanical alloying for a certain time, a steady-state 
equilibrium is attained, i.e., there is a balance achieved between the 
rate of welding, which leads to an increase in the average particle size, 
and the rate of fracturing, which tends to decrease the average particle 
size (Figure 1.29). The smaller particles are able to withstand 
deformation without fracturing and tend to be welded into larger 
pieces, with an overall tendency to drive both very fine and very large 
particles towards in intermediate size. At this stage, each particle 
contains substantially the starting elements in the same proportion as 
the original mix. Heavy deformation of the particles takes place during 
the mechanical alloying process. This is characterized by the presence 
of a variety of crystal defects such as dislocations, vacancies, stacking 
faults and grain boundaries. The presence of these defects enhances 
the diffusivity of solute elements in the matrix, and the refined 
microstructural features decrease the diffusion distances [92]. The 
important parameters of the mechanical alloying process are the raw 
materials and the mechanical alloying variables: type of ball mill, 
milling speed, milling time, chemical composition and size of the 
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grinding balls, ball-to-powder ratio, chemical composition and extent of 
filling of the jar, milling atmosphere, and milling temperature. The raw 
materials are powders. The size of the powder particles is not important 
as long as they are smaller than the grinding ball size. Different types of 
milling device can be used to produce mechanically alloyed powders 
such as shaker mills, planetary ball mills and attritors. They differ in 
their capacity, efficiency of milling (energy) and additional 
arrangements for cooling and heating [92]. 
 
 
(a) 
 
(b) 
Figure 1.29: Schematics of (a) the particle size versus the milling 
time, and (b) the mechanism of powder crashing between the 
grinding balls [92]. 
1.5.2 Sintering 
After mechanical alloying, the powders have to be consolidated. This 
can be done using the sintering process, for instance. Sintering is a 
technique used to produce density-controlled materials and components 
from powders by applying mostly a thermal energy and sometimes an 
additional small pressure. Sintering aims, in general, at producing 
materials with a reproducible and designed microstructure, in terms of 
grain size, density and distribution of the various phases (including 
pores), through a fine control of sintering variables. In most cases, the 
final goal is to obtain a fully dense body with a small-grained 
microstructure [93]. 
Sintering process can be divided in two types: solid phase sintering and 
liquid phase sintering. Solid phase sintering occurs when the powder is 
solidified wholly in a solid state at the sintering temperature, while 
liquid phase sintering occurs when a liquid phase is present in the 
powder during sintering [93]. 
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1.5.3 Hot isostatic pressing (HIPping) 
For the production of oxide and carbide dispersion strengthened W-
base materials HIPping can be used as an alternative compaction 
method to sintering. 
The HIPping process is a method for producing ingots from 
mechanically alloyed powders, which takes place in four steps: (1) The 
mechanically alloyed powder is placed into a can, (2) the mechanically 
alloyed powder is air degassed at elevated temperatures, (3) the can is 
closed using a welding technique, and (4) the can is isostatically 
compressed at elevated temperatures using a very high inert gas 
pressure, which results in the removal of internal voids and creates 
strong bonds through the material [94]. 
Capillary forces drive sintering without pressure at high temperatures. 
When an additional pressure is applied, as in the case of HIPping, then 
some of the mechanisms contributing to sintering are enhanced and 
new mechanisms appear. The pressure can, for example, cause 
rearrangement of the particles, induce plastic deformation of the 
material and increase the effects of surface tension as a driving force 
for diffusion [95]. As compared to sintered materials, HIPped materials 
show higher strength, elongation and creep life [96]. HIPping has been 
successfully used to consolidate W-base materials from mechanically 
alloyed powders [94]. 
1.5.4 Alternative manufacturing routes 
Tungsten-base materials can be also produced using either chemical 
methods or the metal injection molding process. 
1.5.4.1 Chemical methods 
The idea is to produce high purity, homogeneous and nanostructured 
pure W and W-base materials, such as W-(1.0-1.5)La2O3 and W-(1.0-
5.0)Y2O3 materials (in wt.%), by using a precursor, i.e., an aqueous 
solution in neutral or acidic conditions, followed by the preparation of a 
powder by means of calcination and reduction processes and 
consolidation of the powder by means of spark plasma sintering, for 
instance (Figure 1.30) [97]. 
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Figure 1.30: Manufacturing route of W-base materials by means of 
chemical methods [97]. 
As a result from powder processing by using ammonium paratungstate 
(APT, 4H2O) as the precursor, which was doped with either lanthanum 
or yttrium, powder particles as small as 50 nm were obtained 
(Table 1.3). The powder particles were observed to contain either W 
and Y2O3 particles or W and La2O3 particles, depending on the doping 
elements that were used. 
Table 1.3: Powder particle size versus processing conditions [97]. 
 
As a result from powder consolidation, ingots with a mean grain size of 
a few micrometers were obtained (Table 1.4) [97]. For instance, the 
W-1Y2O3 ingot (in wt.%) sintered at 1100°C was observed to contain 
small W particles as well as small Y-O particles, but not yet distributed 
in a homogeneous way (Figure 1.31). Such activities are in progress. 
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Table 1.4: Density, mean grain size and microhardness of various 
W-base materials versus sintering conditions [97]. 
 
  
Figure 1.31: TEM images of the W-1Y2O3 material sintered at 
1100°C [97]. 
1.5.4.2 Metal injection molding 
Various products made of pure W have been directly produced by metal 
injection molding without any machining (Figure 1.32) [98]. No 
additional impurities were introduced in the materials during the 
process. The density of the ingots was found very high, of the order of 
98%, accompanied with reasonable microhardness values (HV30 = 
380-400 MPa). The products were observed to have a homogeneous 
microstructure with a mean grain size in the range of 5-10 µm. Results 
of tensile tests showed that the products have a reasonable strength 
with respect to the one of pure W and a much larger ductility than the 
one of pure W (Figure 1.33). Such activities are in progress. 
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Figure 1.32: Tensile test specimen produced directly by metal 
injection molding (Philips company) [98]. 
 
Figure 1.33: Tensile stress-strain curves for conventional pure W 
and for W-1La2O3 (WL10) and pure W produced by metal injection 
molding (Philips company) [99]. 
1.5.5 Thermal-mechanical treatments 
A thermal-mechanical treatment refers to a mechanical work at 
elevated temperatures. The application of a single thermal-mechanical 
treatment or a series of them can yield a stretching of the grains, a 
refinement of the size of the grains, an increase in the dislocation 
density and/or a homogenization of the distribution of the second-phase 
particles. As a consequence, the use of thermal-mechanical treatments 
can yield an improvement of the mechanical properties of brittle 
materials, especially in terms of an increase in the strength and 
ductility and a decrease of the DBTT value. In the case of W-base 
materials, the most commonly used thermal-mechanical treatments are 
hot rolling, hot forging and hot extrusion. Figure 1.34 shows the 
changes in the tensile properties at room temperature (ultimate tensile 
strength, elongation at fracture) and in the DBTT of molybdenum and 
TZM (a molybdenum-base alloy) refractory materials as a result from 
hot rolling, hot forging or hot extrusion [100]. 
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Figure 1.34: (a) Ultimate tensile strength at room temperature of 
Mo and TZM, (b) fracture elongation at room temperature of Mo and 
TZM, and (c) DBTT of TZM versus the degree of deformation due to 
hot working [100]. Note: TZM is a Mo-base alloy. 
1.6 Motivations and aims of this Thesis 
work 
Pure tungsten exhibits high strength at high temperatures, a good 
surface heat capability, a good resistance to erosion, and does not 
suffer from high activation under neutron irradiation. However, pure 
tungsten also shows low fracture toughness at all temperatures, 
associated with high ductile-to-brittle transition temperatures, which 
are strongly dependent on the chemical composition and the production 
history, i.e., the microstructural state. Therefore, it is usually 
considered that pure tungsten is well suited for plasma-facing 
applications in the future thermonuclear fusion reactors. 
This PhD Thesis work was aimed at investigating the potentiality of 
tungsten-base materials as structural materials for fusion power 
reactors in attempting to develop reduced activation tungsten-base 
materials with high strength and sufficient ductility, especially in terms 
of fracture toughness and ductile-to-brittle transition temperature, on 
the basis of the following ideas: 
 Nano-grained materials are expected to show an improved ductility 
with respect to normal grain-sized materials. 
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 Nano-grained materials and materials reinforced with either oxide 
or carbide particles are expected to show improved strength and 
radiation resistance, as (i) the particles should act as obstacles for 
the propagation of mobile dislocations, (ii) the numerous grain 
boundaries and interfaces between the matrix and the particles 
should act as sinks for the irradiation-induced defects, and (iii) the 
particles should also help stabilizing the numerous grain 
boundaries upon thermal annealing and/or irradiation. 
In order to achieve that goal, the following actions have been taken: 
 Manufacturing of a variety of W-Y, W-Y2O3 and W-TiC materials by 
means of mechanical alloying followed by either cold pressing or 
sintering or hot isostatic pressing. 
 Selection of optimal chemical compositions. 
 Selection of optimal manufacturing routes. 
 Characterization of the microstructure of the most interesting 
developed materials by means of X-ray diffractometry, scanning and 
transmission electron microscopy. 
 Characterization of the mechanical properties of the most 
interesting developed materials by means of density and 
microhardness measurements, tensile, Charpy impact, fracture 
toughness and non-standard three-point bending tests. 
 Discussion of the obtained results in regards to the available 
literature data. 
 Listing of perspectives for further activities. 
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Chapter 2: Experimental Procedures 
2.1 Materials 
The investigated materials include materials that were produced 
entirely at the laboratory scale and a material that was produced 
partially at the laboratory scale and partially at the Plansee Company 
(Austria). 
2.1.1 Materials produced at the laboratory scale 
Various W-Y2O3, W-Y and W-TiC materials were produced at the 
laboratory scale by means of mechanical alloying of elemental powders 
followed by either cold pressing and sintering or hot isostatic pressing 
of the milled powders. The manufactured materials are listed in 
Table 2.1. The chemical compositions of the materials were selected 
based on a literature review. 
Table 2.1: Chemical composition of the materials manufactured at 
the laboratory scale. 
Material Chemical composition 
(wt.%) 
W-Y2O3 W-0.3Y2O3 W-1Y2O3 W-2Y2O3 
W-Y W-0.3Y W-1Y W-2Y 
W-TiC W-0.3TiC W-0.9TiC W-1.7TiC 
 
2.1.2 Material produced in collaboration with the 
Plansee Company 
A W-2Y material was produced by means of mechanical alloying of 
elemental powders at the laboratory scale followed by compaction of 
the milled powders and thermal-mechanical treatment of the compacted 
ingot at the Plansee Company. 
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2.2 Mechanical alloying of the powders 
2.2.1 Materials produced at the laboratory scale 
Mechanical alloying of the various materials was performed using four 
types of elemental powders, namely W, Y2O3, Y and TiC powders. All the 
elemental powders were purchased from Alfa Aesar GmbH & Co KG, 
Karlsruhe, Germany. The features of the powders are reported in 
Table 2.2. 
Table 2.2: Features of the elemental powders. 
Type of 
elemental powder 
Purity 
(%) 
Mean size of 
powder particles (nm, µm) 
W 99.90 1–5 m 
Y2O3 99.99 40 nm 
Y 99.99 40 m 
TiC 99.50 40–80 nm 
 
The various selected chemical compositions were achieved by 
mechanically alloying a small quantity of pure W powder particles with 
either Y2O3, Y or TiC powder particles in the right proportions. 
Mechanical alloying was performed in a planetary ball mill of the type 
Retsch PM100 (Figure 2.1), using a jar and grinding media (balls) made 
of WC-Co. The diameter of the grinding balls was 10 mm, their weight 
7.8 g, and the number of balls inside the jar was 100. The jar was 
atmosphere controlled. 
The planetary ball mill owes its name to the planet-like movement of its 
vials. These are arranged on a rotating support disk and a special drive 
mechanism causes them to rotate around their own axes. The 
centrifugal force produced by the vials rotating around their own axes 
and the one produced by the rotating support disk both act on the vial 
content, consisting of the powder material to be ground and the 
grinding balls. Since the vials and the supporting disk rotate in opposite 
directions, the centrifugal forces alternately act in the same and 
opposite directions. This causes the grinding balls to rum down the 
inside walls of the vial (friction effect), followed by the material being 
ground and grinding balls lifting off and travelling freely through the 
inner chamber of the vial and colliding against the opposing inside 
walls (impact effect) [1]. 
Two different ball-to-powder ratios were used, namely 2:1 and 10:1. In 
order to achieve a good distribution of the second phase powder 
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particles in the tungsten powder, the powders were first mixed for 
1 hour using a low speed of 150 rpm (rounds per minute). Then, the 
mixed powders were mechanically alloyed for various times up to 
60 hours using a speed of 300 or 350 rpm. The process was performed 
in an argon-controlled atmosphere in order to limit contamination of the 
powders with oxygen. Charging of the elemental powders into the jar 
and discharging of the mechanically alloyed powders from the jar were 
performed inside a glove box, in an argon atmosphere, also to limit 
contamination of the powders with oxygen. All the tested mechanical 
alloying parameters are reported in Table 2.3. 
 
 
(a) 
 
(b) 
Figure 2.1: (a) Picture of the planetary ball mill Retsch PM100, and 
(b) schematics of the mechanical alloying process. 
Table 2.3: Parameters of mechanical alloying. 
Speed 
(rpm) 
Mechanical alloying 
time (hrs) 
Ball-to-powder 
ratio 
Atmosphere 
150 1 (mixing) 2:1, 10:1 Ar 
300 ≤ 30 10:1 Ar 
300 ≤ 60 2:1 Ar 
350 ≤ 30 10:1 Ar 
 
Only two materials were mechanically alloyed using a 2:1 ball-to-
powder ratio, in addition to 10:1, for various times up to 60 hours: 
W-2Y and W-1.7TiC. This was imposed by the fact that in that case 
much larger quantities of powders are required. The amount of the 
powder in a batch mechanically alloyed using a 2:1 ball-to-powder ratio 
is 380 g, while it is only 80 g in a batch mechanically alloyed using a 
10:1 ball-to-powder ratio. Therefore, in order to reduce the costs of the 
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operation, the other materials were mechanically alloyed using a 10:1 
ball-to-powder ratio only, for various times up to 30 hours. 
2.2.2 Material produced in collaboration with the 
Plansee Company 
A large batch (about 5 kg) of W-2Y powder was mechanically alloyed in 
the planetary ball mill Retsch PM100 for 60 hrs, in an argon 
atmosphere, using a ball-to-powder ratio of 10:1 and a speed of 
300 rpm. 
2.3 Compaction of the mechanically 
alloyed powders 
2.3.1 Materials produced at the laboratory scale 
2.3.1.1 Cold pressing and sintering 
Series of mechanically alloyed powders of W-(0.3-1-2)Y2O3 and W-(0.3-
1-2)Y materials were compacted by cold pressing and sintering. 
In order to obtain a green body, the mechanically alloyed powders were 
placed into a die and compacted by cold pressing in air, at room 
temperature, using a hydraulic press and a compression tool with a 
diameter of 16 mm, made of 115CrV3 steel, under a uniaxial pressure in 
the range of 150-250 MPa (Figure 2.2). 
The powders were cold pressed in the shape of tablets with a diameter 
of 16 mm and a height up to 4 mm. The time of pressing was optimized 
to 15 s in order to reach a maximum green body density (before 
sintering) but to avoid the formation of cracks inside the green bodies. 
 
 
Figure 2.2: Schematics of the cold pressing process. 
Green body
MA Powder
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The cold pressed powders were then sintered in a vacuum of 
5·10
-3
 mbar, by applying a heating rate of 300°C/h followed by an 
isothermal annealing at 1800°C and a cooling rate of 500°C/h. The 
sintering was performed for 180 minutes. Sintering conditions are 
summarized in Table 2.4. 
Table 2.4: Sintering conditions. 
Material 
 
(wt.%) 
Heating 
rate 
(°C/h) 
Cooling 
rate 
(°C/h) 
Temper-
ature 
(C°) 
Dwell 
time 
(min) 
Atmo-
sphere 
W-(0.3-1-2)Y2O3 300 500 1800°C 180 vacuum 
W-(0.3-1-2)Y 300 500 1800°C 180 vacuum 
 
2.3.1.2 Hot isostatic pressing (HIPping) 
The mechanically alloyed powders were canned into small containers, 
inside a glove box containing an argon atmosphere. They were 
degassed for 24 hours at 450°C up to a vacuum of 5·10-5 mbar. The 
containers were then sealed by means of tungsten-inert gas (TIG) 
welding. 
HIPping of the canned powders was performed in a hot isostatic press 
at the ABRA Company in Switzerland, as shown in Figure 2.3 (left). A 
single can per HIPping experiment was placed into the central unit of 
the device. The can was surrounded with a carbon furnace (Figure 2.3, 
right) with a diameter of 75 mm, which was closed with a cover and 
secured with a steel ring. 
HIPping experiments were performed at either 1300°C, or 1320°C, or 
1350°C, by using a heating rate of 300°C/h, a dwell time of 3 hours, and 
a cooling rate of 500°C/h. The pressure was applied using an argon gas. 
The pressure was kept constant during the experiments. The maximum 
pressure provided by this type of equipment was used, which is 
200 MPa. 
After HIPping, the cans were removed from the ingots by spark 
machining. Typical pictures of the cans before and after HIPping and of 
a compacted ingot are shown in Figure 2.4. Some ingots were HIPped a 
second time at 1500°C after removal of the can. 
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(a) 
 
(b) 
Figure 2.3: (a) ABRA HIPping device, and (b) carbon furnace. 
 
Figure 2.4: Pictures of a can filled with a mechanically alloyed 
powder (a) before welding, (b) after welding, (c) after HIPping, and 
(d) of a compacted ingot after removal of the can. 
A variety of cylindrical cans, in terms of size and chemical composition, 
were used for the canning of the mechanically alloyed powders, in order 
to optimize the quality of powder confinement and therefore the 
success rate of HIPping experiments. The can and weld materials that 
were tested, together with the HIPping temperature and the obtained 
results, are reported in Table 2.5, while the geometry of the 
corresponding cans is shown in Figure 2.5. 
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(a) 
 
(b) 
 
(c) 
 
(d) 
Figure 2.5: (a) Can and weld material: stainless steel AISI 304, 
(b) can material: AISI 304, weld material: AISI 316, (c) can and weld 
material: tantalum, and (d) can and weld material: AISI 316. 
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Table 2.5: Can and weld materials, HIPping temperature and 
results. Note: AISI 304 and AISI 316 are austenitic stainless steels. 
Can 
material 
Weld 
material 
Temper-
ature 
(°C) 
Number of 
HIPping 
experiments 
Number of 
successful 
experiments 
Reasons for 
failure 
AISI 316 AISI 316 1320 9 5 
Holes in the 
can pipe 
AISI 316 AISI 316 1350 2 0 Melting 
AISI 304 AISI 316 1300 3 1 
Cracks in the 
weld 
AISI 304 AISI 316 1320 2 0 
Cracks in the 
weld 
AISI 304 AISI 304 1320 2 1 
Cracks in the 
weld 
Ta Ta 1350 1 0 
Embrittlement 
of Ta 
 
On the basis of the results of sintering experiments, in terms of density 
and microhardness values, and preliminary HIPping experiments using 
the various cans described just above, mechanically alloyed powders of 
a limited number of materials were compacted by means of systematic 
HIPping experiments in a variety of conditions, namely W-(1-2)Y, W-(1-
2)Y2O3 and W-(0.3-0.9-1-7)TiC materials. The HIPped materials and 
HIPping conditions are summarized in Table 2.6. 
Table 2.6: HIPping conditions. 
Material 
 
(wt.%) 
Heating 
rate 
(°C/h) 
Cooling 
rate 
(°C/h) 
Temper-
ature 
(C°) 
Dwell 
time 
(min) 
Pressure 
(MPa) 
W-(1-2)Y2O3 300 500 1300, 1320 180 200 
W-(1-2)Y 300 500 1300, 1320 180 200 
W-(0.3-0.9-1.7)TiC 300 500 1320 180 200 
W-(0.9-1.7)TiC 300 500 1320 + 1500 180 200 
 
2.3.2 Material produced in collaboration with the 
Plansee Company 
The large batch of W-2Y powder produced by mechanical alloying at 
the laboratory scale was sent for compaction to the Plansee Company 
(Austria). The compaction procedure and parameters were selected by 
the Plansee Company, on the basis of their experience in the 
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manufacturing of W-base materials. First, the powder was pre-heated at 
1600°C in a hydrogen atmosphere in the aim to soften it. Then, the 
powder was sintered at 2200°C for 4 hours in a hydrogen atmosphere 
under a radial pressure, and finally the material was hot forged at 
1600°C in air in the axial direction. The Plansee Company did not 
provide pressure values. The procedure is illustrated in Figure 2.6. 
 
 
Figure 2.6: Schematics of the compaction process of the W-2Y 
material performed at the Plansee Company. 
2.4 Characterization of the powders and 
compacted materials 
2.4.1 X-ray diffractometry (XRD) 
XRD is a non-destructive method. This technique allows measuring the 
crystallite size (in the case of powders) or the grain size (in the case of 
bulk ingots) and characterizing the phases present in the investigated 
materials, in terms of chemical composition and crystallographic 
structure, at least when their concentration in the materials is high 
enough. 
A XRD spectrum is composed of a certain number of peaks, each peak 
representing a family of diffracting lattice (atomic) planes of a given 
phase, which satisfy the Bragg diffraction condition (Bragg law) [2]: 
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             (2.1) 
where n is an integer,  the wavelength of the incident beam, d the 
interplanar spacing of the diffracting planes, and θ is the semi-angle 
between the incident beam and the diffracted beam (Figure 2.7). 
 
 
Figure 2.7: Schematics of the Bragg law [2]. 
The size and the lattice strain of the crystallites are related to the width 
of X-ray diffraction peaks. X-ray diffraction peaks broaden when the 
size of the crystallites decreases and the lattice strain increases. 
Therefore, the crystallite size and lattice strain values can be 
determined by measuring the width of an X-ray main peak at half its 
maximum intensity and using the Scherrer formula [3]: 
       
       
      
 (2.2) 
where d is the crystallite size,  the wavelength of the X-ray used, B the 
peak width at half its maximum intensity, θ the Bragg angle, and  the 
lattice strain. This method provides correct crystallite size and lattice 
strain values only if proper corrections for instrumental broadening 
have been made. 
A diffractometer of the type BRUKER-D8 with a resolution of 12 arc-
seconds has been used for all the investigations. As X-ray diffractometry 
is a non-destructive method, no special specimen preparation was 
required. 
2.4.2 Chemical analyses 
Two different methods were used for measuring contamination of the 
mechanically alloyed powders with oxygen and the jar and milling ball 
material. 
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2.4.2.1 Inductively coupled plasma atomic emission 
spectroscopy 
This method is an emission spectrophotometric technique used for 
detecting heavy elements (trace metals). It is based on the 
electromagnetic radiations emitted by the electrons of a given element, 
following their excitation using inductively coupled plasma, at 
wavelengths characteristic of the element. The intensity of the emission 
is indicative of the amount (concentration) of the element in the 
analyzed sample. Thus, by detecting which wavelengths are emitted by 
a sample and by determining their intensities, the elemental 
composition of the sample relative to the one of a reference sample can 
be quantified. The analysis requires dissolution of the sample in a 
solution made of HF, HNO3 and HCl acids. 
2.4.2.2 Inert gas fusion analysis 
This method is based on the fusion of a sample at temperatures up to 
3000°C in an inert gas such as helium. A sample is placed into a 
crucible located in a chamber containing an electrode furnace. After a 
short purge cycle, an electric current is passed through the crucible, 
heating it up to 3000°C, while the carrier gas is flowing over it. The 
gases from the melted sample are swept out from the furnace and 
analyzed using detectors. No special preparation of the sample is 
needed. This method was used for detecting oxygen and carbon light 
elements. 
2.4.3 Scanning electron microscopy (SEM) 
observations 
2.4.3.1 Sample preparation 
Samples of powders did not need additional preparation. Samples of 
compacted ingots were mechanically polished in order to obtain a 
mirror surface by using first diamond papers with grades ranging from 
500 up to 4000 and second diamond pastes ranging from 3 µm down to 
1 µm. 
However, fracture surface observations following mechanical tests were 
performed on unpolished, as-fractured surfaces, in order to avoid 
damage of the fracture surfaces. 
2.4.3.2 Scanning electron microscope 
SEM observations were performed using a focused ion beam (FIB) 
device of the type ZEISS NVision 40 operating up to 30 kV. The 
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instrument is equipped with two Ga
2+
 ion guns, located at 45 degrees 
from each other, and four detectors: a secondary electron (SE) 
detector, a back-scattered electron (BSE) detector, a quadrant back-
scattered (QBS) detector, and an in-lens detector (Figure 2.8). The in-
lens detector is capable of detecting the electrons emitted in the 
column direction. The SEM part of the equipment was used for 
measurements of powder particle and crystallite sizes and for chemical 
analyzes of the elemental and mechanically alloyed powders. It was also 
used to detect the various phases present in the compacted ingots and 
to determine the grain size distributions using the ImageJ software 
based on a binary pixel distribution. 
 
 
(a) 
 
(b) 
Figure 2.8: (a) Picture, and (b) schematics of the ZEISS NVision 40 
FIB/SEM device. 
2.4.4 Transmission electron microscopy (TEM) 
observations 
2.4.4.1 Sample preparation 
Electro-chemical thinning 
TEM samples were prepared by punching 3 mm diameter discs from the 
various compacted materials. The disks were first polished 
mechanically to a thickness of approximately 120 to 80 m. Then, the 
disks were electro-chemically thinned (to electron transparency) in a 
Tenupol-5 jet device (Struers) using a chemical solution of 2 vol.% 
NaOH in water at room temperature and a voltage of 20 V (Figure 2.9). 
Due to the various phases present in the investigated materials, namely 
tungsten and ceramic Y2O3 or TiC, and the residual porosity after 
HIPping, electro-chemical thinning was not always successful. 
Therefore, it was also necessary to use alternative techniques. 
BSE Detector
SE Detector
QBS
Detector
0Inlens 
Detector
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(a) 
 
(b) 
Figure 2.9: Pictures of the Tenupol-5 jet device (Struers): 
(a) device, and (b) alimentation. 
Ion milling 
Ion milling was used as an alternative for the preparation of TEM 
samples. Disks with a diameter of 3 mm and a thickness of 120 µm were 
placed into a sample holder and ion thinned (milled) to electron 
transparency in a 'Fishione process 90°' ion mill (Figure 2.10), using a 
voltage of 6 kV, a current of 8 mA and an milling angle of 15 degrees, 
followed by a more gentle milling using a voltage of 2 kV, a current of 
8 mA and an angle of 10 degrees. The device is composed of two anode 
discharge ion sources and an oil-free vacuum system for ultra-clean 
specimen preparation. The device is working at room temperature, and 
the sample rotates by 90 degrees around its main axis during ion 
milling. 
 
 
Figure 2.10: Schematics of the ion mill “Fishione process 90°”. 
Gun 1
Gun 2
90°rotation 
of the sample
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Lamella lift-out technique 
The FIB device was also used for applying the lamella lift-out technique. 
This is the technique that was used for preparing TEM samples from all 
the manufactured bulk ingots. The advantage of that technique is that a 
sample can be directly extracted from the place of interest. However, 
Ga
2+
 ions create radiation damage in the surface layers of the sample, 
which interferes with the intrinsic microstructure of the material and 
has to be removed. This was done using the technique described just 
below. 
The usual size of the FIB lamellas is 5 µm by 10 µm and they have to be 
electron transparent, i.e., they must have a thickness between 100 and 
150 nm in the case of W-base materials. Pictures of a lamella lifted-out 
from a bulk ingot are shown in Figure 2.11. 
 
 
(a) 
 
(b) 
Figure 2.11: Lamella lifted-out from a W-TiC bulk ingot: (a) low 
magnification FIB/SEM image of the lamella, and (b) high 
magnification FIB/SEM image of the lamella. 
Electro-chemical flash polishing 
In order to remove the radiation damage induced by the FIB device in 
the sample surface layers, a flash electro-polishing technique was 
developed, which was applied to the TEM lamellas prepared using the 
FIB device. The flash polishing device includes a flash timer and a 
power supply (Figure 2.12). The TEM lamellas were electro-chemically 
polished using a solution of 2 vol.% NaOH in water at room 
temperature. The method is called 'flash' because of the extremely 
short polishing time that is used: about 0.3 s. It was found that a 
voltage of 20 V and a current of 12 mA provide the best conditions for 
removing the damage arising from the FIB preparation and for 
smoothing the surfaces of the lamellas. Figure 2.13 illustrates the final 
result of such a sample preparation. 
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Figure 2.12: Picture of the flash polishing device. 
 
Figure 2.13: TEM (insert) and STEM (main picture) images of a 
sample ready for TEM observations. 
2.4.4.2 Transmission electron microscope 
TEM observations were performed using a JEOL 2010 microscope 
operating at 200 kV and equipped with a LaB6 cathode and detectors 
for energy dispersive X-ray spectroscopy (EDS) and electron energy 
loss spectroscopy (EELS) (Figure 2.14). The spatial resolution of this 
TEM is 0.23 nm. 
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Figure 2.14: Picture of the JEOL 2010 TEM. 
TEM observations were performed using the bright field (BF) and dark 
field (DF) imaging techniques as well as the weak beam (WB) dark field 
imaging technique. In order to get good BF and DF image contrasts, the 
samples were tilted slightly away from the Bragg condition, so that the 
image looses most of its dynamic features. WB images are DF images 
with the sample tilted far away from the Bragg condition. 
BF and DF imaging techniques were used for observations of the 
general microstructure of materials, while the WB imaging technique 
was used for detailed characterization of structural features, i.e., for 
analysis of the size and shape of the grains and the size and density of 
small oxides and carbides. The number density of particles in a given 
volume was calculated by counting the number of particles in the 
volume of the sample. The dimensions of the specimen were measured 
using SEM-FIB device. The two detectors were used for performing 
chemical analyses. 
2.4.4.3 Scanning-transmission electron microscope 
Scanning-transmission electron microscopy (STEM) observations were 
performed using a STEM Hitachi HD-2700 operating at 200 kV, located 
at Warsaw University of Technology (Poland) (Figure 2.15). Thanks to 
the spherical aberration correction featuring, this STEM provides 
significantly improved resolution and sensitivity. For instance, an 
atomic lattice resolution of 80 pm is achieved in DF STEM mode [4]. 
The STEM Hitachi HD-2700 allows for BD and DF imaging and is 
equipped with SE, EDS and EELS detectors. 
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This STEM was used in particular for detailed high-resolution imaging 
of small oxides and carbides and for precise chemical analyses using 
the EELS detector [5]. The EELS method with energy spread down to a 
few eV was used for chemical analyses with improved resolution down 
to atomic scale. It probes the primary excitation and, therefore, 
registers each excitation event independently of the exact de-excitation 
mechanism. The corresponding feature in an energy loss spectrum is 
usually an inner shell of the atomic electron configuration edge loss, 
within a few eV, with the known ionization energy for the appropriate 
electron shell of the atom. Therefore, EELS is a convenient method for 
identifying atoms of different types in a thin foil of material. 
 
 
Figure 2.15: Picture of the STEM Hitachi HD-2700 (Poland). 
2.4.5 Density measurements 
The relative density to the theoretical one of all the compacted 
materials was determined by measuring the weight and the volume of 
the bulk ingots and using the following formula: 
  
 
 
 (2.3) 
where ρ is the density, m the mass and V the volume of a bulk ingot. 
2.4.6 Mechanical testing 
2.4.6.1 Microhardness measurements 
The microhardness of the compacted materials was measured by 
performing Vickers microhardness tests. In this method, a load is 
applied onto the surface of a material using a diamond indenter in the 
form of a pyramid with a square base and an angle of 136° between 
opposite faces (Figure 2.16). Typical applied loads range between 0.1 N 
and 10 N, and the load is usually applied for 15 s. 
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Figure 2.16: Schematics of the principle of a Vickers microhardness 
test [6]. 
After removal of the indenter from the surface of the material, the 
lengths of the diagonals of the indentation are measured by optical 
microscopy. The Vickers microhardness HV can be then calculated by 
using the following formula [6]: 
   
 
 
 
       
     
 (2.4) 
where d1 and d2 are the indentation diagonals and F is the applied load. 
2.4.6.2 Nano-indentation tests 
Nano-indentation tests were performed using a nano-indenter G-200 
from the MTS Company (USA) and a Berkovich tip that is a three-sided 
pyramid (Figure 2.17) [7]. 
The hardness of the material (H) can be calculated using the equation: 
  
 
 
 (2.5) 
where P is the load applied onto the material surface and A is the 
projected contact area at that load of the indenter. 
The second parameter that can be extracted is the elastic modulus of 
the material. A continuous loading/unloading load-displacement curve, 
as obtained from a nano-indentation test, is shown in Figure 2.18. On 
such a curve can be measured the maximum load and displacement 
values, Pmax and hmax, respectively, the residual deformation after 
unloading, h1, and the slope of the initial portion of the unloading curve, 
S = dP/dh. S is also known as the elastic stiffness of the material and 
has the dimension of a force per unit distance. 
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(a) 
 
(b) 
Figure 2.17: (a) Picture of the nano-indenter G-200 from MTS, and 
(b) optical microscopy image of the print left on the surface of a 
material by a Berkovich tip [7]. 
 
Figure 2.18: Schematic illustration of a nano-indentation load-
displacement curve [8]. 
The reduced modulus of the material, Er, is given by: 
   
    
     
 (2.6) 
where S is the elastic stiffness of the material, β is a constant that 
depends only on the geometry of the indenter, and A is the contact 
area. 
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The elastic modulus of the material, E, can be then calculated by using 
the following expression: 
 
  
 
    
 
 
    
 
  
 (2.7) 
where Er is the reduced modulus and ν is the Poisson's ratio of the 
material. 
2.4.6.3 Tensile tests 
Specimens for tensile tests were cut out from the various compacted 
materials in Karlsruhe Institute of Technology (KIT), Germany. The 
specimen geometry that was used for the tensile tests is shown in 
Figure 2.19. 
 
 
Figure 2.19: Geometry of the tensile test specimens. 
The tensile tests were performed in Karlsruhe Institute of Technology 
(KIT), Germany, using a universal testing machine of the INSTRON 
type, equipped with a high vacuum furnace (Figure 2.20) [9]. 
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(a) 
 
(b) 
Figure 2.20: Pictures of (a) the universal testing machine of the 
INSTRON type, KIT, Germany, and (b) the sample and sample holder 
inside the furnace [9]. 
The tensile tests were performed in vacuum at various temperatures 
ranging between room temperature and 1300°C. The load–elongation 
(P-l) curves obtained from the tensile tests were transformed into 
engineering stress–strain (σ-ε) curves by using the following formulas: 
  
 
  
     and       
    
  
 
  
 
 (2.8) 
where Ao and lo are the initial specimen cross-section and length, 
respectively. 
2.4.6.4 Charpy impact tests 
In Charpy impact tests a Charpy impact specimen is put in a horizontal 
position inside a chamber and a hammer is positioned in a vertical 
position. The hammer is released, meets the specimen, and a part of its 
kinetic energy is so transferred to the specimen, the amount of the 
energy absorbed by the specimen depending on the ductility of the 
specimen material. A series of experiments are performed at various 
temperatures and, then, the energy absorbed by the specimen is plotted 
versus the test temperature. 
Two parameters can be deduced from the Charpy impact curves: the 
upper shelf energy (USE) and the ductile-to-brittle transition 
temperature (DBTT), defined as the temperature corresponding to the 
upper shelf energy minus the lower shelf energy (Figure 2.21). 
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Figure 2.21: Example of a Charpy impact curve (absorbed energy 
versus test temperature) obtained for a W-1%La2O3 material after 
high-speed hot extrusion. 
The specimens that were used for Charpy impact tests are notched 
specimens of KLST type, with a size of 3x4x27 mm3, referred as a mini-
Charpy specimens, shown in Figure 2.22. The specimens were cut out 
from the compacted materials by spark erosion. 
 
 
Figure 2.22: Geometry of mini-Charpy impact specimens (KLST 
type). 
The Charpy impact tests were performed in Karlsruhe Institute of 
Technology (KIT), Germany, using a testing device of the INSTRON 
type. The tests were performed in high vacuum at the highest reachable 
temperature of 1000°C. 
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2.4.6.5 Fracture toughness tests 
Fracture toughness tests were performed in Karlsruhe Institute of 
Technology (KIT), Germany, using a universal testing machine of the 
INSTRON type. The tests were performed in vacuum at various 
temperatures between room temperature and 1000°C, using Charpy 
impact specimens similar to those described just above but with an 
additional small groove at the bottom of the notch, which was 
introduced by razor blade polishing (Figure 2.23). The fracture 
toughness, KIC, was deduced from the obtained load-displacement 
curves by using the following formula: 
            (2.9) 
where KIC is the fracture toughness, σ∞ the applied stress in MPa, a the 
crack length and Y a geometric factor. 
 
 
Figure 2.23: Geometry of the notch and groove of fracture 
toughness specimens [9]. 
2.4.6.6 Non-standard three-point bending tests 
Three-point bending tests were performed using a ZWICK 200 testing 
machine, in an argon flow, at various temperatures ranging between 
room temperature and 1100°C. Non-standard specimens, i.e., un-
notched, un-cracked mini-bend bars, with dimensions of 2x2x22 mm3, 
were used for the experiments, together with a specimen holder made 
of TZM (a molybdenum-base alloy) (Figure 2.24). 
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Figure 2.24: Picture of a mini-bend bar and the TZM specimen 
holder used for non-standard three-point bending tests. 
The bending stress b was calculated by using the following formula: 
   
     
     
 (2.10) 
where P is the applied load, l the span length of the specimen, and w 
and t are the specimen’s width and thickness. 
2.5 Irradiation experiments 
TEM specimens, 3 mm in diameter and 200 nm in thickness, were cut 
out by spark erosion from the W-1.7TiC material produced at the 
laboratory scale. One side of each specimen was mechanically polished 
in order to get a mirror surface. 
The specimens were irradiated/implanted with Fe and He ions in the 
new JANNuS facility (Joint Accelerators for Nanoscience and Nuclear 
Simulations) located in Saclay, Paris, France. This facility is dedicated 
to single, dual or triple beam ion irradiations/implantations of classical 
TEM specimens. The He production rate versus damage that can be 
reached using the JANNuS facility is shown in Figure 2.25 in 
comparison to the one obtained in other facilities. 
 
Experimental Procedures Chapter 2 
 67 
 
Figure 2.25: He production rate versus damage for the JANNuS 
facility, the IFMIF facility, a DEMO-type reactor and a number of 
fission reactors [10]. 
A special specimen holder was designed and built to hold TEM disks 
with appropriate thermal contact and sent to the JANNuS facility with 
our specimens mounted on it. The irradiation campaign took place in 
September 2009. Specimens of the W-1.7TiC material were 
irradiated/implanted at 500°C to a dose of 5 dpa and 1000 appm He 
using Fe and He ions with an energy of 24 MeV and 2.5 MeV, 
respectively, in order to get He amount of 1000 appm down to a depth 
of about 3 µm, and on the other hand to create the chosen damage of 
5 dpa with Fe ions in the same depth of about 3 µm. 
The irradiated/implanted specimens were characterized by means of 
TEM observations using a JEOL 2010 microscope operating at 200 kV. 
TEM observations were performed on thin TEM lamellas extracted from 
the irradiated/implanted TEM disks using a ZEISS NVision 40 FIB 
device. 
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Chapter 3: Results 
3.1 Elemental powders 
SEM-SE images of elemental powders of pure W, Y, TiC and Y2O3 are 
shown in Figure 3.1. It can be seen that the W powder particles have a 
polyhedral shape, with sizes in the range of 0.5-5 µm. Such morphology 
is characteristic of W powder particles produced by hydrogen reduction 
of WO3. The Y, TiC and Y2O3 powder particles do not exhibit any 
particular shape. The W particles have the tendency to form large 
agglomerates (Figure 3.1.a). The TiC particles and Y2O3 particles 
appear as smaller objects than the W and Y particles, with a mean size 
around one hundred nanometers, and present rough surfaces (Figures 
3.1.c and 3.1.d). 
 
 
Figure 3.1: SEM-SE images of elemental powders of (a) W, (b) Y, 
(c) TiC, and (d) Y2O3. 
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3.2 W-(0.3-1.0-2.0)Y and 
W-(0.3-1.0-2.0)Y2O3 materials 
3.2.1 Mechanically alloyed powders 
3.2.1.1 Mechanical alloying conditions 
An elemental powder of pure W (99.9%), with particle sizes in the range 
of 0.5-5 µm, was mechanically alloyed either with pure (0.3-1.0-2.0)Y 
powder particles (99.99%), with sizes below 40 µm, or with (0.3-1.0-
2.0)Y2O3 particles with sizes in the range from 20 to 40 nm. The 
compositions are given in weight percent. Mechanical alloying was 
performed in a planetary ball mill, in an argon atmosphere, using a jar 
and grinding media made of WC-Co and a ball-to-powder ratio of 10:1. 
Powders were first mixed for 1 hour using a speed of 150 rpm. Powders 
were then mechanically alloyed for various times up to 30 hours for 
limiting contaminations and using a speed of 300 rpm for avoiding the 
heating of the milling jar. The effect of the mechanical alloying time is 
described below. 
 
3.2.1.2 Scanning electron microscopy observations 
SEM-SE observations of the evolution of the shape and size of the 
powder particles have been performed on the six types of W-Y2O3 and 
W-Y powders mechanically alloyed for various times. Similar results 
have been obtained in all cases. Therefore, results are described below 
in detail in the case of the W-1Y2O3 and W-2Y mechanically alloyed 
powders and briefly presented in the case of other materials. 
W-1Y2O3 and W-2Y powders 
SEM-SE images of W-1Y2O3 powder particles after mechanical alloying 
for various times up to 30 hours are shown in Figure 3.2. It can be seen 
that mechanical alloying significantly affects the shape of the powder 
particles, which become more equiaxed, with increasing time, 
especially with respect to the elemental W powder particles. 
Mechanical alloying also affects strongly the size of the powder 
particles. It can be seen in Figure 3.2 that the size of W-1Y2O3 powder 
particles globally increases with mechanical alloying time. The size of 
the powder particles is in the range of 0.5-5 µm for mechanical alloying 
times up to 5 hours. Note that this is in the same range as the original 
sizes of W powder particles. Then, it increases significantly and reaches 
values in the range from 1 to 15 µm for mechanical alloying times in the 
range of 10-20 hours. 
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Figure 3.2: SEM-SE images of W-1Y2O3 powder particles after 
mechanical alloying for: (a) 1 hour, (b) 5 hours, (c) 10 hours, 
(d) 15 hours, (e) 20 hours, and (f) 30 hours. 
Further, it increases strongly and reaches values in the range from 50 
to 70 µm for a mechanical alloying time of 30 hours. This phenomenon 
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is typical of a welding process between powder particles. Welding is 
confirmed by the observation of the powder particles after a mechanical 
alloying time of 30 hours, which appear composed of a large number of 
smaller particles, referred to in the following as crystallites 
(Figure 3.2.f). It was also observed that the size distribution of the 
W-1Y2O3 powder particles appears the most homogeneous for a 
mechanical alloying time about 15 hours. 
SEM-FIB images of the internal structure of a powder particle of 
W-1Y2O3 after 15 hours of mechanical alloying are shown in Figure 3.3. 
The particle was sliced with FIB in three different places in order to 
observe its internal structure. It can be seen that, depending on the 
cutting place, the particle appears either dense (Figure 3.3.a) or 
composed of a number of small crystallites with large gaps (porosity) in 
between them (Figures 3.3.b and 3.3.c). 
 
 
Figure 3.3: Three FIB slices and SEM views of a W-1Y2O3 powder 
particle after 15 hours of mechanical alloying. 
SEM-SE images of W-2Y powder particles after mechanical alloying for 
various times up to 30 hours are shown in Figure 3.4. Like in the case 
of the W-1Y2O3 powder particles, it can be seen that mechanical 
alloying significantly affects the shape of the W-2Y powder particles. 
W-2Y particles exhibit similar shape versus mechanical alloying time 
compared to the W-1Y2O3 powder particles. In addition, small flakes 
can be seen on the surface of most of the particles, which seems to 
indicate that ‘soft’ Y particles already transformed into ‘hard’ Y2O3 
particles from the very early stages of mechanical alloying, yielding the 
formation of flattened W powder particles on their surface. 
 
Results Chapter 3 
 73 
 
Figure 3.4: SEM-SE images of the morphology of W-2Y powder 
particles after mechanical alloying for: (a) 1 hour, (b) 5 hours, 
(c) 10 hours, (d) 15 hours, (e) 20 hours, and (f) 30 hours. 
Like in the case of the W-1Y2O3 powder particles, mechanical alloying 
also affects strongly the size of the W-2Y powder particles. It can be 
seen in Figure 3.4 that the size of W-2Y powder particles increases 
continuously with mechanical alloying time. The mean size of the 
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powder particles increases significantly from a value in the range of 
1-5 µm for a mechanical alloying time of 1 hour i.e., in the same range 
as the original sizes of W powder particles, up to about 5 µm for a 
mechanical alloying time of 20 hours. Then, it increases strongly and 
reaches values in the range of 20-60 µm for a mechanical alloying time 
of 30 hours. Like in the case of the W-1Y2O3 powder particles; this 
phenomenon is typical of a welding process between powder particles. 
It was also observed that the size distribution of the powder particles 
appears the narrowest for a mechanical alloying time of about 10 hours. 
SEM-FIB images of the internal structure of a powder particle of W-2Y 
after 15 hours of mechanical alloying are shown in Figure 3.5. The 
particle was sliced with FIB in four different places in order to observe 
its internal structure. Like in the case of the W-1Y2O3 particles, it can 
be seen that, depending on the cutting place, the W-2Y particle appears 
either composed of a number of small crystallites with large gaps 
(porosity) in between them (Figures 3.5.a, 3.5.b and 3.5.c) or relatively 
dense (Figure 3.5.d). 
 
 
Figure 3.5: Four FIB slices and SEM views of a 2Y powder particle 
after 15 hours of mechanical alloying. 
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Other types of powders 
SEM-SE images of W-0.3Y, W-1Y, W-0.3Y2O3 and W-2Y2O3, powder 
particles after mechanical alloying for 1, 15 and 30 hours are shown in 
Figure 3.6. As described above in the case of the W-2Y and W-1Y2O3 
powders, it can be seen that the main effect of mechanical alloying is to 
yield an increase in the mean size of powder particles. 
 
 
Figure 3.6: SEM-SE images of the morphology of W-0.3Y, W-1Y, 
W-0.3Y2O3 and W-2Y2O3 powder particles after mechanical alloying 
for: (a, d, g, j) 1 hour, (b, e, h, k) 15 hours, and (c, f, i, l) 30 hours. 
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3.2.1.3 XRD analyses 
XRD spectra have been recorded for the six types of W-Y2O3 and W-Y 
powders mechanically alloyed for various times. Similar results have 
been obtained in all cases. Therefore, results are described below in 
detail in the case of the W-1Y2O3 and W-2Y mechanically alloyed 
powders and briefly presented in the case of other materials. 
W-1Y2O3 and W-2Y powders 
Figures 3.7 and 3.8 show series of XRD spectra that have been 
recorded for W-1Y2O3 and W-2Y powders after mechanical alloying for 
various times up to 30 hours, respectively. In both series of spectra it 
can be seen that the Y2O3 and Y peaks are present only in the mixed 
powders. One hour of mechanical alloying is sufficient to make these 
peaks disappear, which indicates that Y2O3 and Y powder particles are 
refined and possibly dissolved in the W matrix already after a very short 
time of mechanical alloying. However, the longer the milling time, the 
more homogeneous and finer the distribution of second phases in the W 
matrix. Therefore, the absence of Y2O3 and Y peaks from about 1 hour 
of mechanical alloying does not indicate that the process should be 
stopped after 1 hour. 
It can also be seen in Figures 3.7 and 3.8 that the full width at half 
maximum of the peaks increases with the milling time, at least for 
milling times up to 15 hours. This peak broadening is indicative of a 
decrease of the size of the diffracting objects with increasing milling 
time, i.e., of a general refinement of the microstructure. XRD being 
sensitive to low angle boundaries, i.e., to slightly misoriented objects, 
the diffracting objects certainly relate to the small crystallites 
evidenced in SEM. 
XRD spectra also reveal significant contamination with WC after 
15 hours of mechanical alloying. WC arises from the jar and milling ball 
material, namely WC-Co. WC is a very hard material and the presence 
of WC particles might have important effects on the properties of the 
mechanically alloyed powders and then on their compaction process 
and the properties of compacted materials. 
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Figure 3.7: XRD spectra for a W-1Y2O3 powder mechanically 
alloyed for various times up to 30 hours. 
 
Figure 3.8: XRD spectra for a W-2Y powder mechanically alloyed 
for various times up to 30 hours. 
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The crystallite size and the lattice strength, as determined from XRD 
spectra, are shown in Figure 3.9 as a function of mechanical alloying 
time for W-1Y2O3 and W-2Y powders. It can be seen that in both types 
of powders the crystallite size decreases with increasing milling time 
from about 120 ,130 nm after mixing down to about 20 nm for a milling 
time of about 15 hours from which, a steady state is reached 
(Figure 3.9.a). It can also be seen that in both types of powders the 
lattice strain, due to the numerous lattice defects generated by the 
mechanical alloying process, increases with milling time up to about 
1.2% for a milling time of about 15 hours from which a steady state is 
reached (Figure 3.9.b). 
 
 
(a) 
 
(b) 
Figure 3.9: (a) Crystallite size and (b) lattice strain as a function of 
mechanical alloying time for the W-1Y2O3 and W-2Y mechanically 
alloyed powders. 
Other types of powders 
The XRD spectra that have been recorded for the W-0.3Y, W-1Y, 
W-0.3Y2O3 and W-2Y2O3 powders mechanically alloyed times up to 
30 hours are reported in Figure 3.10. As described above in the case of 
the W-2Y and W-1Y2O3 powders, it can be seen that the main effects of 
mechanical alloying are to yield a refinement of the whole 
microstructure, characterized by a peak broadening up to about 
15 hours of mechanical alloying, a rapid incorporation of the Y2O3 and Y 
particles into the W matrix, and the apparition of contamination with 
WC arising from the jar and milling ball material from about 15 hours of 
mechanical alloying. Analyses of the XRD spectra showed that the 
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crystallite size decreases with increasing milling time in all types of 
powders, while the lattice strain increases with milling time in all types 
of powders. Both parameters exhibit a steady state behavior from about 
15 hours of mechanical alloying, whatever the type of powders. 
 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
Figure 3.10: XRD spectra for (a) W-0.3Y2O3, (b) W-0.3Y, 
(c) W-2Y2O3, and (d) W-1Y powders mechanically alloyed for various 
times up to 30 hours. 
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3.2.1.4 Chemical analyses 
Chemical analyses of the powder particles have been performed on the 
six types of W-Y2O3 and W-Y powders mechanically alloyed for various 
times. Similar results have been obtained in all cases. Therefore, results 
are described below in detail in the case of the W-1Y2O3 and W-2Y 
mechanically alloyed powders and briefly presented in the case of other 
materials. 
W-1Y2O3 and W-2Y powders 
The excess amounts of O, C and Co in the W-1Y2O3 and W-2Y powders 
are presented in Figure 3.11 as a function of mechanical alloying time 
up to 30 hours. It can be seen that in both types of powders the 
amounts of O and C increases with milling time, while the amount of Co 
increases with milling time up to about 1 hour and then it remains more 
or less constant as the milling time is further increased. The initial 
amounts of C and Co were close to zero in both types of powders. The C 
amounts are equal to about 0.5 and 0.8 wt.% in the W-1Y2O3 and W-2Y 
powders mechanically alloyed for 30 hours, respectively. The Co 
amounts are equal to about 0.1 and 0.05 wt.% in the W-1Y2O3 and 
W-2Y powders mechanically alloyed for 30 hours, respectively. The 
initial amount of O was close to 0.25 wt.% in both types of powders. It 
increases up to about 1.4 and 1.1 wt.% in the W-1Y2O3 and W-2Y 
powders mechanically alloyed for 30 hours, respectively. 
Therefore, contamination with Co remains reasonable during 
mechanical alloying, while contamination with C is significant and 
contamination with O appears relatively important. The increase in O 
content arises from air contamination during mechanical alloying and 
further handling of the mechanically alloyed powders, while the 
presence of C and Co arises from contamination of the powders during 
mechanical alloying with the jar and milling ball material, namely 
WC-Co. It is also worth to note that O contamination is less important 
in W-2Y powders than in W-1Y2O3 powders, which indicates that the 
use of pure Y instead of Y2O3 particles is useful for reducing the total O 
amount in the mechanically alloyed powders, pure Y particles acting as 
traps for at least a part of the O present in the powders. Even though, 
the content of C increases in W-2Y powders up to about 0.8 wt.% after 
30 hours of mechanical alloying, carbides were not detected during 
TEM observations of the various materials neither with EDS and EELS 
analyzes.   
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(a) 
 
(b) 
Figure 3.11: Excess amounts of O, C and Co chemical elements 
versus mechanical alloying time in (a) W-1Y2O3, and (b) W-2Y 
powders. 
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Other types of powders 
The amounts of O, C and Co in the W-0.3Y, W-1Y, Y-0.3Y2O3 and 
W-2Y2O3 manically alloyed powders are presented in Table 3.1 for 
milling times of 15 and 30 hours. Like in the case of the W-1Y2O3 and 
W-2Y powders it can be seen that the contamination with O, C and Co 
chemical elements increases with milling time, the O increase being 
more important than the C and Co ones and the increase in C and Co 
and O being generally less important in the W-Y powders than in the 
W-Y2O3 ones. The O amounts reach very high values of 1.34 and 
1.68 wt.% in the W-0.3Y and W-2Y2O3 powders mechanically alloyed 
for 30 hours, respectively. 
Table 3.1: Excess O, C and Co amounts in the W-0.3Y, W-1Y, 
W-0.3Y2O3 and W-2Y2O3 powders mechanically alloyed for various 
times up to 30 hours. 
Type of powder Milling time 
(hours) 
O amount 
(wt.%) 
C amount 
(wt.%) 
Co amount 
(wt.%) 
W-0.3Y 0 0.320 0.045 0.020 
 15 0.830 0.100 0.020 
 30 1.340 0.800 0.040 
W-1Y 0 0.280 0.041 0.023 
 15 0.930 0.200 0.050 
 30 1.280 0.750 0.050 
W-0.3Y2O3 0 0.260 0.039 0.000 
 15 0.760 0.120 0.030 
 30 1.200 0.870 0.030 
W-2Y2O3 0 0.400 0.043 0.010 
 15 1.020 0.150 0.020 
 30 1.680 0.790 0.020 
 
3.2.2 Sintered materials 
3.2.2.1 Sintering conditions 
Mechanically alloyed powders of W-(0.3-1.0-2.0)Y and W-(0.3-1.0-
2.0)Y2O3 materials were cold pressed and sintered in the shape of small 
tablets with a diameter of 16 mm and a height of 4 mm. Sintering yields 
a reduction in diameter and height by 2 to 3%. A picture of a sintered 
ingot is shown in Figure 3.12. 
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Figure 3.12: Picture of a sintered ingot. 
3.2.2.2 Density of the sintered materials 
After cold pressing using a pressure of 250 MPa the density of all green 
specimens was only about 65% the theoretical density. The use of a 
lower cold compaction pressure led to specimens with still a lower 
density. Figure 3.13 shows the density of materials of various chemical 
compositions after cold compaction and subsequent sintering at 1800°C 
in vacuum, together with the one of a pure W material, which was 
produced the same way, for comparison purposes. The use of sintering 
after cold pressing allowed increasing the density of all materials 
significantly. 
It can be seen in Figure 3.13 that the density of the sintered materials 
increases with the Y2O3 or Y content in the materials. The highest 
density values of 85% and 88% were measured for the W-2Y2O3 and 
W-2Y materials, respectively. However, it appears that the addition of 
2 wt.% Y2O3 or 2 wt.% Y does not allow the production of fully densified 
materials. It can also be seen in Figure 3.13 that all the sintered 
W-Y2O3 and W-Y materials exhibit a much higher density, by about 
10-25%, than the one of sintered pure W and that the density of the 
W-Y materials is always slightly higher than the one of the W-Y2O3 
materials. The results shown in Figure 3.13 were obtained based on 
only two measurements per material, due to difficulties in the 
production of the sintered materials. 
 
Figure 3.13: Relative density of the sintered materials versus Y2O3 
or Y content. 
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3.2.2.3 Residual porosity in the sintered materials 
The FIB device has been used to study the residual porosity in the 
sintered materials. Using the “slice and view” technique, it was possible 
to perform a 3D reconstruction of the bulk W-Y and W-Y2O3 materials 
(Figure 3.14). It was found that the porosity is closed in the W-Y 
materials (Figure 3.14.b), made of spherical pores, while it is 
percolating in the W-Y2O3 materials (Figure 3.14.d), leading to the 
formation of wide, empty, interconnected channels. 
 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
Figure 3.14: FIB 3D reconstruction of W-1Y2O3 and W-1Y sintered 
materials: (a) Picture of the W-1Y material using the in-lens 
secondary electron detector, and (b) corresponding porosity 
consisting of isolated cavities; (c) Picture of the W-1Y2O3 material 
using the in-lens secondary electron detector, and (d) corresponding 
percolating porosity consisting of wide, empty, interconnected 
channels. Acquisition time: 4 hours with a FIB beam of 30 keV and 
27 nA. 
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3.2.2.4 Microstructure of sintered materials 
SEM images of specimens of sintered W-(0.3-1.0-2.0)Y2O3 and W-(0.3-
1.0-2.0)Y materials are reported in Figure 3.15. It can be seen that the 
addition of 0.3 to 2 wt.% of Y or Y2O3 is not enough for allowing full 
densification of the sintered materials, as also shown by the results of 
density measurements (see Figure 3.13). 
 
 
Figure 3.15: SEM-SE images of the microstructure of the a) 
W-0.3Y2O3, b) W-0.3Y, c) W-1Y2O3, d) W-1Y, (e) W-2Y2O3, and (f) 
W-2Y materials sintered at 1800°C in vacuum. Areas 1 refer to 
regions of the materials that were successfully sintered from the 
liquid phase, while areas 2 refer to regions that were not 
successfully sintered and remained porous. 
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It appears that a part of those specimens was sintered from the liquid 
phase, leading to the formation of high-density, i.e., successfully 
sintered, regions (areas 1 in Figure 3.15), the other regions remaining 
very porous, i.e., not fully densified (areas 2 in Figure 3.15). The 
amount of dense regions clearly increases with the Y or Y2O3 content in 
the materials. The W-2Y material appears slightly better than the 
W-2Y2O3 material, as it contains a higher amount of dense regions, in 
agreement with the results of density measurements (see Figure 3.13). 
It should be noted that, as a side effect of sintering at 1800°C, grain 
growth effect took place. The mean size of the grains was found to be of 
the order of 60 µm. All these results indicate that another consolidation 
method, such as hot isostatic pressing, or hot extrusion, or spark 
plasma sintering, could be a more appropriate method than sintering 
for the compaction of such materials. 
3.2.2.5 Microhardness of sintered materials 
Vickers microhardness values of specimens of sintered W-(0.3-1.0-
2.0)Y2O3 and W-(0.3-1.0-2.0)Y materials are reported in Figure 3.16 
together with the one of pure W, which was produced the same way, for 
comparison purposes. It can be seen that the microhardness of the 
materials clearly increases with the Y or Y2O3 content in the materials, 
like in the case of the density (see Figure 3.13). However, the 
microhardness of W-Y2O3 materials appears always slightly higher than 
that of W-Y materials (Figure 3.16), although the density of W-Y 
materials was found always slightly higher than that of W-Y2O3 
materials (see Figure 3.13). The microhardness values of the W-2Y2O3 
and W-2Y materials were found equal to 1789 HV0.2 and 1435 HV0.2, 
respectively. All the W-Y2O3 and W-Y materials show a much higher 
microhardness than that of sintered pure W (400 HV0.2), in agreement 
with results of density measurements (see Figure 3.13). 
 
Figure 3.16: Vickers microhardness of the sintered materials versus 
Y2O3 or Y content. 
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3.2.3 Hot isostatic pressed (HIPped) materials 
The density and microhardness of the sintered materials were found to 
increase with the Y or Y2O3 content in the materials. However, the 
W-2Y2O3 mechanically alloyed powder was found rapidly too brittle to 
be easily compacted by HIPping. Therefore, it was chosen to compact 
only W-1Y2O3 and W-2Y mechanically alloyed powders by HIPping, as 
an alternative way to sintering, in the aim to further increase the 
density and improve the properties of these materials. 
3.2.3.1 HIPping conditions 
Mechanically alloyed powders of W-1Y2O3 and W-2Y were placed into 
small cylindrical steel cans and degassed for 2 hours at 400°C, up to a 
vacuum of 5·10-5 Pa. After that, the cans were sealed by electron beam 
welding. The cans were then HIPped at 1320°C, using an argon gas 
pressure of 200 MPa, for 3 hours. Finally, the cans were removed from 
the HIPped ingots by spark erosion machining. Pictures of an ingot 
after HIPping, with and without its steel can, are shown in Figure 3.17. 
 
 
Figure 3.17: Pictures of a HIPped ingot: (a) with its steel can, and 
(b) without its steel can. 
3.2.3.2 Density of the HIPped materials 
Figure 3.18 shows the density of the HIPped W-1Y2O3 and W-2Y 
materials, together with the ones of the six sintered W-(0.3-1.0-
2.0)Y2O3 and W-(0.3-1.0-2.0)Y materials and the one of sintered pure 
W, for comparison purposes. It can be seen that the use of HIPping, as 
an alternative compaction method to sintering, allowed increasing the 
density of all materials very strongly. Density values of about 97% and 
99% were measured for the HIPped W-1Y2O3 and W-2Y materials, 
respectively. Like in the case of the sintered materials, the density of 
the HIPped W-2Y material appears slightly larger than the one of the 
HIPped W-1Y2O3 material. The results shown in Figure 3.18 after 
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HIPping were obtained by performing only one measurement per 
material, due to difficulties in the production of the HIPped materials. 
 
 
Figure 3.18: Relative density of the sintered and HIPped materials 
versus Y2O3 or Y content. 
3.2.3.3 Microstructure of the HIPped materials 
SEM observations 
SEM-QBSD images at various magnifications of the general 
microstructure of the HIPped W-1Y2O3 and W-2Y materials are shown 
in Figure 3.19. The images were taken using an accelerating voltage of 
20 kV. It can be seen that the HIPped W-1Y2O3 material is composed of 
a bimodal distribution of coarse grains and smaller ones. The grains 
exhibit lighter of darker grey contrasts, depending on their 
crystallographic orientation. The HIPped W-2Y material appears 
composed of smaller grains. The size distributions of the grains could 
not be determined by means of SEM observations but only by means of 
STEM and TEM observations. 
It can also be seen in Figure 3.19 that both HIPped W-1Y2O3 and W-2Y 
materials contains some residual porosity. The pores appear as black 
dots and black areas and are located mostly at the grain boundaries. 
The amount of porosity appears smaller in the W-2Y material than in 
the W-1Y2O3 material; in agreement with results of density 
measurements (see Figure 3.18). The presence of small Y2O3 particles 
could not be detected in SEM-QBSD. 
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Figure 3.19: SEM-QBSD images at various magnifications of the 
HIPped (a, b, c) W-1Y2O3, and (d, e, f) W-2Y material. 
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STEM and TEM observations 
W-1Y2O3 material 
Figure 3.20 shows STEM and TEM images of the microstructure of the 
HIPped W-1Y2O3 material. The material appears composed of a bimodal 
distribution of coarse grains, with a mean size around 500 nm, and 
smaller ones, with a mean size around 50 nm. The grains exhibit lighter 
of darker grey contrasts, depending on their crystallographic 
orientation. The material also contains a high density of Y2O3 particles 
that exhibit dark grey contrasts in dark field images (areas 1). They 
appear inhomogeneously distributed inside the grains and at the grain 
boundaries. Their size ranges between 1 and 50 nm. The smaller Y2O3 
particles are usually located inside the grains and the larger ones at the 
grain boundaries. The number density of the particles inside the volume 
was found to be 5.79·10
22
 m
-3
. The material also contains some residual 
porosity. The pores appear as black dots and black areas in dark field 
images and are located mostly at the grain boundaries (area 2). A 
number of cracks are also present. 
Figure 3.21.a shows a high-magnification TEM image of the smaller 
Y2O3 particles located inside the grains and the larger ones located at 
the grain boundaries. Figure 3.21.b shows a high-resolution STEM 
image of a single Y2O3 particle with a size around 10 nm and located 
inside a grain. It can be seen that the particle exhibits a slightly faceted 
shape and has a crystalline structure. 
Figures 3.22.a and 3.22.b show high-resolution STEM images of Y2O3 
particles with a size ranging between 10 and 50 nm. They exhibit a 
circular shape. All of them have a crystalline structure. Figure 3.22.c 
shows a high-resolution STEM image of the boundary between a Y2O3 
particle and the W matrix, which reveals that the Y2O3 particle is not 
coherent with the W matrix (in this specimen orientation with respect 
to the electron beam axis). 
 
Results Chapter 3 
 91 
 
Figure 3.20: Microstructure of the HIPped W-1Y2O3 material: 
(a) STEM-DF image, (b) STEM-DF image, and (c) TEM-BF image. 
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Figure 3.21: Images of Y2O3 particles located inside the grains and 
at the grain boundaries of the HIPped W-1Y2O3 material: (a) TEM-DF 
image, and (b) STEM-HR image. 
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Figure 3.22: STEM-HR images of Y2O3 particles located inside a 
grain: (a, b) isolated Y2O3 particles, and (c) crystallographic 
relationship between an Y2O3 particle and the W matrix. 
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W-2Y 
Figure 3.23 shows STEM and TEM images of the microstructure of the 
HIPped W-2Y material. The material appears composed of a 
homogeneous distribution of smaller grains than in the HIPped W-Y2O3 
material, with sizes ranging between 20 and 100 nm. The grains exhibit 
lighter of darker grey contrasts, depending on their crystallographic 
orientation. The material also contains a high density of Y-rich oxide 
particles as explained later that exhibit dark grey contrasts in dark field 
images (areas 1). They appear mostly located at the grain boundaries. 
Their size ranges between 1 and 50 nm, like in the HIPped W-Y2O3 
material. The volume density of the particles was found to be 
6.89·1022 m-3, i.e., slightly larger than in the HIPped W-Y2O3 material. 
The material also contains some residual porosity. The pores appear as 
black dots and black areas in dark field images (areas 2). 
Figure 3.24 shows a high-magnification STEM image of the Y-rich oxide 
particles. Like in the HIPped W-Y2O3 material, the larger particles 
appear located at the grain boundaries, while few smaller ones are 
present inside the grains. 
Figures 3.25.a and 3.25.b show high-resolution STEM images of the Y-
rich oxide particles. It can be seen that most of the particles exhibit a 
faceted shape. All of them have a crystalline structure. Figure 3.25.c 
shows a high-resolution STEM image of the boundary between a Y-rich 
oxide particle and the W matrix, which reveals that the Y-rich oxide 
particle is not coherent with the W matrix. The result was confirmed 
only for this specimen orientation with respect to the electron beam 
axis). 
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Figure 3.23: Microstructure of the HIPped W-2Y material: (a) STEM-
DF image, (b) TEM-BF image, and (c) STEM-DF image.  
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Figure 3.24: STEM-DF image of Y-rich oxide particles in the HIPped 
W-2Y material. Arrows indicate the second phase particles in the W 
matrix. 
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Figure 3.25: STEM-HR images of the HIPped W-2Y material: 
(a, b) isolated Y-rich oxide particles, and (c) crystallographic 
relationship between an Y-rich oxide particle and the W matrix. 
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EDS and EELS analyses 
W-1Y2O3 
Figure 3.26.a shows a STEM image of the microstructure of the HIPped 
W-1Y2O3 material, and Figure 3.26.b shows six EDS spectra obtained 
from EDS point analyses performed at six different locations marked as 
1, 2, 3, 4, 5, 6 in Figure 3.26.a. Point analyses 1, 2, 5 have been made in 
large grains/particles, while point analyses 3, 4, 6 have been made in 
small grains/particles. The results of EDS point analyses, in terms of O, 
Y, and W amounts in the six different grains/particles are reported in 
Table 3.2. It can be seen that the large areas 2 and 5 apparently contain 
no Y and few O, while the large area 1 and the small areas 3, 4 and 6 
appear enriched with Y and O. This would indicate that areas 2 and 5 
correspond to grains of the W matrix, while areas 1, 3, 4 and 6 would 
correspond to a large Y-rich oxide particle (area 1) and small Y-rich 
oxide particles (areas 3, 4, 6), respectively. However, these results 
should be considered with caution, as they were obtained by doing an 
automatic software analysis of the various EDS spectra. It can be seen 
that the main Y and W peaks in the EDS spectra partly overlap around 
2 keV, which could lead to some misinterpretation of the chemical 
compositions. However, the main drawback of EDS is the fact that X-
rays comes not only from the region of interest but also from nearby 
regions, as a significant fraction of unfocused electrons of the beam will 
hit them and generate X-rays. 
Therefore, EDS point analyses were complemented with EELS analyses. 
Figure 3.27.a shows a STEM image of a grain/particle located at the 
edge of a specimen of the HIPped W-1Y2O3 material. Figure 3.27.b 
shows the results of two EDS line scans performed through the 
grain/particle. It can be seen that the grain/particle appears to contain 
Y, O and W. Actually, the W signal could arise directly from the 
grain/particle o from the W matrix surrounding the grain/particle. 
Figure 3.27.c shows EELS spectra at low and high energies, revealing 
the presence of Y at 26 eV and O at 532 eV. Note that, in the case of 
EELS spectra, there is no risk of overlap of the Y peak, located at 26 eV, 
with the W peak, located at 36 eV. Figure 3.27.c also shows that the 
grain/particle contains no W. These results indicate that the 
investigated object is an oxide particle, certainly of the Y2O3 type, as 
originally introduced into the W powder, and did not transform into a 
different object, such as W-O, W-Y or a more complex Y-O-W phase, 
during the mechanical alloying and HIPping processes. 
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(a) 
 
(b) 
Figure 3.26: (a) STEM-DF image of the HIPped W-1Y2O3 material 
with locations of six EDS point analyses, and (b) corresponding EDS 
spectra. 
Table 3.2: Results of EDS point analyses. 
EDS spectrum number O amount 
(wt.%) 
Y amount 
(wt.%) 
W amount 
(wt.%) 
1 13.21 53.71 33.08 
2 1.27 0.00 98.73 
3 11.98 43.08 44.94 
4 15.06 40.23 44.62 
5 0.56 0.00 85.81 
6 9.68 22.81 67.51 
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(a) 
 
(b) 
 
(c) 
Figure 3.27: (a) STEM-DF image of a grain/particle at the edge of a 
specimen of the HIPped W-Y2O3 material, (b) EDS line scan analysis 
of the grain/particle, and (c) Y peak at 26 eV and O peak at 532 eV in 
EELS spectra. 
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W-2Y 
Figure 3.28.a shows a STEM image of the microstructure of the HIPped 
W-2Y material, and Figure 3.28.b shows six EDS spectra obtained from 
EDS point analyses performed at six different locations marked as 1, 2, 
3, 4, 5, 6 in Figure 3.28.a. Point analyses have been made in 
grains/particles of various sizes. The results of EDS point analyses, in 
terms of O, Y, and W amounts in the six different grains/particles are 
reported in Table 3.3. It can be seen that the areas 1, 2, 3 appear 
enriched with Y and O, while the areas 4, 5, 6 contain mostly W. This 
would indicate that areas 1, 2, 3 correspond to oxide particles, while 
areas 4, 5, 6 would correspond to grains of the W matrix. However, 
these results have to be taken with caution as indicated previously for 
W-Y2O3. 
Therefore, as for W-Y2O3 EDS point analyses were complemented with 
EELS analyses. Figure 3.29.a shows a STEM image of a grain/particle 
located at the edge of a specimen of the HIPped W-2Y material. 
Figure 3.29.b shows the results of two EDS line scans performed 
through the grain/particle. It can be seen that the grain/particle 
appears to contain Y, O and W. Actually, the W signal could arise 
directly from the grain/particle or from the W matrix surrounding the 
grain/particle. Figure 3.29.c shows EELS spectra at low and high 
energies, revealing the presence of Y at 26 eV and O at 532 eV. Note 
that, in the case of EELS spectra, there is no risk of overlap of the Y 
peak, located at 26 eV, with the W peak, located at 36 eV. These results 
indicate that the investigated object is an oxide particle, certainly of the 
Y2O3 type, and did not transform into a different object, such as W-O, 
W-Y or a more complex Y-O-W phase, during the mechanical alloying 
and HIPping processes. 
Consequently, it seems that Y transformed into Y2O3 during the 
mechanical alloying process. An O amount of at least 0.35 wt.% in the 
mechanically alloyed W-2Y powder is required in order to transform 
the entire Y into Y2O3. The O amount measured in the mechanically 
alloyed W-2Y powder was found to be 0.8 wt%. , which is much larger 
than this critical value, after 15 hours of mechanical alloying (see 
Figure 3.11). 
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(a) 
 
(b) 
Figure 3.28: (a) STEM-DF image of the HIPped W-2Y material with 
locations of six EDS point analyses, and (b) corresponding EDS 
spectra. 
Table 3.3: Results of EDS point analyses. 
EDS spectrum number O amount 
(wt.%) 
Y amount 
(wt.%) 
W amount 
(wt.%) 
1 10.42 60.00 8.19 
2 19.80 57.65 22.55 
3 13.95 51.41 34.63 
4 2.84 1.31 95.85 
5 1.29 0.58 98.13 
6 2.09 11.29 86.63 
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(a) 
 
(b) 
 
(c) 
Figure 3.29: (a) STEM-DF image of a grain/particle at the edge of a 
specimen of the HIPped W-2Y material, (b) EDS line scan analysis of 
the grain/particle, and (c) Y peak at 26 eV and O peak at 532 eV in 
EELS spectra. 
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3.2.3.4 Mechanical properties of the HIPped materials 
Microhardness measurements 
The Vickers and Berkovich microhardness values obtained for the 
HIPped W-1Y2O3 and W-2Y materials are reported in Table 3.4. It can 
be seen that the HIPped W-2Y material exhibits larger microhardness 
values than the HIPped W-1Y2O3 material, in agreement with results of 
density measurements (see Figure 3.18). Note that these results are 
slightly different from those obtained for sintered materials. Indeed, the 
Vickers microhardness of the sintered W-1Y2O3 material was found 
slightly larger than the one of the sintered W-2Y material (see 
Figure 3.16). The elastic modulus of the W-2Y material appears slightly 
larger than the one of the W-1Y2O3 material in agreement with 
microhardness values. 
Table 3.4: Microhardness and elastic modulus values for the HIPped 
W-1Y2O3 and W-2Y materials. 
 
Material 
Vickers 
microhardness 
(HV0.2) 
Berkovich 
hardness 
(GPa) 
Elastic 
modulus 
(GPa) 
W-1Y2O3 1275 11 345 
W-2Y 1900 18 360 
 
Non-standard three point bending tests 
Non-standard three-point bending tests were performed at various 
temperatures up to 1100°C on the HIPped W-2Y material, which 
exhibits a larger density than the HIPped W-1Y2O3 material. Results 
showed that the specimens failed in a brittle manner at all the test 
temperatures. It seems that some plastic deformation took place at 
1000°C, as shown by the load-time bending curve reported in 
Figure 3.30. However, fracture surface analyses revealed that the 
material fractured in a purely brittle manner even at that high 
temperature, as shown in Figure 3.31. Therefore, the shape of that 
curve most probably reflects some unstable crack propagation. 
Average bending stress values versus test temperature are reported in 
Figure 3.32. It can be seen that the bending stress decreases with 
increasing the test temperature from about 800 MPa at 500°C down to 
about 650 MPa at 1100ºC, reflecting the decrease of the elastic 
modulus with increasing temperature. The apparent drop in the 
bending stress at fracture occurring around 950°C is not significant and 
relates to the poor quality of the material. 
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Figure 3.30: Applied load versus time at two different test 
temperatures of 500°C and 1000°C for the HIPped W-2Y material. 
 
Figure 3.31: SEM observations of fracture surfaces after three point 
bending tests at 500°C and 1000°C on the HIPped W-2Y material. 
 
Figure 3.32: Bending stress versus test temperature for the HIPped 
W-2Y material. 
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Fracture toughness tests 
Fracture toughness tests were performed at various temperatures up to 
1000°C on the HIPped W-2Y material, which exhibits a larger density 
than the HIPped W-1Y2O3 material. Results showed that the fracture 
toughness is very small, of the order of 5.5 MPa·m½, and does not 
evolve with test temperature, as can be seen in Figure 3.33. 
 
 
Figure 3.33: Fracture toughness versus test temperature for the 
HIPped W-2Y material. 
Charpy impact tests 
Charpy impact tests were performed at 1000°C on the HIPped W-2Y 
material, which exhibits a larger density than the HIPped W-1Y2O3 
material. Results showed that the material is fully brittle at the high 
temperature of 1000°C. No load-displacement curve was provided by 
KIT. 
Tensile tests 
Fracture toughness tests were performed at 1000°C and 1300°C on the 
HIPped W-2Y material, which exhibits a larger density than the HIPped 
W-1Y2O3 material. Results showed that the material is brittle at 1000ºC 
but ductile at 1300°C, as shown by the tensile stress-strain curves 
reported in Figure 3.34. At 1300°C the HIPped W-2Y material exhibits 
yield strength of about 100 MPa, an ultimate tensile strength of about 
140 MPa, a uniform elongation of about 3% and a total elongation of 
about 11%. Therefore, from the results of Charpy impact tests and 
tensile tests it appears that the ductile-to-brittle transition temperature 
(DBTT) of the HIPped W-2Y material should lie between 1100 and 
1200°C. 
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Figure 3.34: Tensile stress-strain curves at 1000°C and 1300°C for 
the HIPped W-2Y material. 
3.3 W-(0.3-0.9-1.7)TiC materials 
3.3.1 Mechanically alloyed powders 
3.3.1.1 Mechanical alloying conditions 
An elemental powder of pure W (99.90%), with particle sizes in the 
range of 1-5 µm, was mechanically alloyed with pure (0.3-0.9-1.7)TiC 
powder particles (99.99%), with sizes around 40 nm. Mechanical 
alloying was performed in a planetary ball mill, in an argon atmosphere, 
using a jar and grinding media made of WC-Co and a ball-to-powder 
ratio of 10:1. Powders were first mixed for 1 hour using a speed of 
150 rpm. Powders were then mechanically alloyed for up to 30 hours 
using a speed of 300 rpm as in W-Y2O3 and W-Y for comparison 
reasons. 
3.3.1.2 Scanning electron microscopy observations 
SEM-SE observations of the evolution of the shape and size of the 
powder particles have been performed on the three types of W-TiC 
powders mechanically alloyed for various times. Similar results have 
been obtained in all cases. Results are described below in detail in the 
case of the W-1.7TiC mechanically alloyed powder because as we will 
see later this material presents the highest density. The results are 
briefly presented in the case of other materials. 
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W-1.7TiC powder 
SEM-SE images of W-1.7TiC powder particles after mechanical alloying 
for various times up to 30 hours are shown in Figure 3.35. It can be 
seen that mechanical alloying significantly affects the shape of the 
powder particles, which become more equiaxed, especially with respect 
to the elemental W powder particles. 
Mechanical alloying also affects strongly the size of the powder 
particles. It can be seen in Figure 3.35 that the size of W-1.7TiC 
powder particles globally increases with mechanical alloying time. The 
size of the powder particles is in the range of 0.5 to 5 µm for a 
mechanical alloying time of 1 hour, i.e., in the same range as the 
original sizes of W powder particles. Then, it increases significantly and 
reaches values in the range of 01-15 µm for a mechanical alloying time 
of 20 hours. Further, it increases strongly and reaches values in the 
range from 70 to 90 µm for a mechanical alloying time of 30 hours. This 
phenomenon is typical of a welding process between powder particles. 
Welding is confirmed by the observation of the powder particles after a 
mechanical alloying time of 30 hours, which appear composed of a large 
number of small crystallites (Figure 3.35.f). It was also observed that 
the size distribution of the W-1.7TiC powder particles appears the most 
homogeneous for a mechanical alloying time of about 10 hours. 
SEM-FIB images of the internal structure of a powder particle of 
W-1.7TiC after 15 hours of mechanical alloying are shown in 
Figure 3.36. The particle was sliced with FIB in three different places in 
order to observe its internal structure. It can be seen that, depending 
on the cutting place, the particle appears either composed of a large 
number of small crystallites (Figure 3.36.a) or contain dense areas with 
large gaps (porosity) and small crystallites in between them 
(Figure 3.36.c). 
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Figure 3.35: SEM-SE images of the morphology of W-1.7TiC powder 
particles after mechanical alloying for: (a) 1 hr, (b) 5 hrs, (c) 10 hrs, 
(d) 15 hrs, (e) 20 hrs, and (f) 30 hrs. 
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Figure 3.36: Three FIB slices and SEM views of a W-1.7TiC powder 
particle after 15 hours of mechanical alloying. 
Other types of powders 
SEM-SE images of W-0.3TiC and W-0.9TiC powder particles after 
mechanical alloying for 1, 15 and 30 hours are shown in Figure 3.37. As 
described above in the case of the W-1.7TiC powder, it can be seen that 
the main effect of mechanical alloying is to yield an increase in the 
mean size of powder particles. 
 
 
Figure 3.37: SEM-SE images of the morphology of W-0.3TiC and 
W-0.9TiC powder particles after mechanical alloying for various 
times: (a, d) 1 hour, (b, e) 15 hours, and (c, f) 30 hours. 
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3.3.1.3 XRD analyses 
XRD spectra have been recorded for the three types of W-TiC powders 
mechanically alloyed for various times. Similar results have been 
obtained in all cases. Therefore, results are described below in detail in 
the case of the W-1.7TiC mechanically alloyed powders and briefly 
presented in the case of other materials. 
W-1.7TiC powder 
Figure 3.38 shows a series of XRD spectra that have been recorded for 
the W-1.7TiC powder after mechanical alloying for various times up to 
30 hours. It can be seen that the TiC peak is present only in the mixed 
powder. One hour of mechanical alloying is sufficient to make this peak 
disappear, which indicates that TiC powder particles are refined and/or 
dissolved in the W matrix already after a very short time of mechanical 
alloying. However, the longer the milling time, the more homogeneous 
and finer the distribution of second phases in the W matrix. Therefore, 
the absence of the TiC peak from about 1 hour of mechanical alloying 
does not indicate that the process should be stopped after 1 hour. 
It can also be seen in Figure 3.38 that the full width at half maximum of 
the peaks increases with the milling time, at least for milling times up 
to 15 hours. This peak broadening is indicative of a decrease of the size 
of the diffracting objects with increasing milling time, i.e., of a general 
refinement of the microstructure. XRD being sensitive to low angle 
boundaries, i.e., to slightly misoriented objects, the diffracting objects 
certainly relate to the small crystallites evidenced in SEM. 
XRD spectra also reveal significant contamination with WC from about 
10 hours of mechanical alloying. WC arises from the jar and milling ball 
material, namely WC-Co. WC is a very hard material and the presence 
of WC particles might have important effects on the properties of the 
mechanically alloyed powders and then on their compaction process 
and the properties of compacted materials. 
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Figure 3.38: XRD spectra for a W-1.7TiC powder mechanically 
alloyed for various times up to 30 hours. 
The crystallite size and the lattice strength, as determined from XRD 
spectra, are shown in Figure 3.39 as a function of mechanical alloying 
time for the W-1.7TiC powder. It can be seen that the crystallite size 
decreases with increasing milling time from about 140 nm after mixing 
down to about 20 nm for a milling time of about 15 hours from which a 
the values do not change significantly (Figure 3.39.a). It can also be 
seen that the lattice strain, due to the numerous lattice defects 
generated by the mechanical alloying process, increases with milling 
time up to about 1.2% for a milling time of about 15 hours and stays 
almost constant (Figure 3.39.b). This behavior and these values are 
similar to those evidenced for the mechanically alloyed W-Y2O3 and 
W-Y powders. 
 
80x10
3
60
40
20
In
te
n
s
it
y
 (
a
rb
. 
u
n
it
s
)
10080604020
2 Theta
0 hr
1 hr
5 hrs
10 hrs
15 hrs
30 hrs
W-1.7TiC
W    
W C
TiC 
 
 
 
 
 
 
 
 
Results Chapter 3 
 113 
 
(a) 
 
(b) 
Figure 3.39: (a) Crystallite size and (b) lattice strain as a function of 
mechanical alloying time for the mechanically alloyed W-1.7TiC 
powder. 
Other types of powders 
The XRD spectra that have been recorded for the W-0.3TiC and 
W-0.9TiC powders mechanically alloyed for various times up to 
30 hours are reported in Figure 3.40. As described above in the case of 
the W-1.7TiC powder, it can be seen that the main effects of 
mechanical alloying are to yield a refinement of the whole 
microstructure, characterized by a peak broadening up to about 
15 hours of mechanical alloying, a rapid incorporation of the TiC 
particles into the W matrix, and the apparition of contamination with 
WC arising from the jar and milling ball material from about 10 hours of 
mechanical alloying. Analyses of the XRD spectra showed that the 
crystallite size decreases with increasing milling time in both types of 
powders, while the lattice strain increases with milling time in both 
types of powders. Both parameters exhibit a steady state behavior from 
about 15 hours of mechanical alloying, whatever the type of powders. 
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(a) 
 
(b) 
Figure 3.40: XRD spectra for (a) W-0.3TiC, and (b) W-0.9TiC 
powders mechanically alloyed for various times up to 30 hours. 
3.3.1.4 Chemical analyses 
Chemical analyses of the powder particles have been performed on the 
three types of W-TiC powders mechanically alloyed for various times. 
Similar results have been obtained in all cases. Therefore, results are 
described below in detail in the case of the W-1.7TiC mechanically 
alloyed powder and briefly presented in the case of other materials. 
W-1.7TiC powder 
The amounts of O, C and Co in the W-1.7TiC powder are presented in 
Figure 3.41 as a function of mechanical alloying time for various milling 
times up to 30 hours. It can be seen that the amounts of O and C 
increase strongly with milling time, while the amount of Co increases 
with milling time up to about 1 hour of mechanical alloying and then it 
remains more or less constant as the milling time is further increased. 
The initial amounts of O and C in the W-1.7TiC powder were of the 
order of 0.15 wt.%, and the initial amount of Co was close to zero. The 
O and C amounts in the W-1.7TiC powder are equal to about 1.1 and 
0.95 wt.% after mechanical alloying for 30 hours, respectively, while 
the amount of Co reaches about 0.02 wt.%. 
Therefore, contamination with Co remains reasonable during 
mechanical alloying, while contamination with C and O appears 
relatively important. The increase in O content arises from air 
contamination during mechanical alloying and further handling of the 
mechanically alloyed powders, while the presence of C and Co arises 
from contamination of the powders during mechanical alloying with the 
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jar and milling ball material, namely WC-Co. It is also worth to note 
that O contamination of the W-1.7TiC powder is similar to the one of 
the W-2Y powder and slightly less important than the one of the 
W-1Y2O3 powder (see Figure 3.11). 
 
Figure 3.41: Excess amounts of O, C and Co chemical elements 
versus mechanical alloying time in the W-1.7TiC powder. 
Other types of powders 
The amounts of O, C and Co in the W-0.3TiC and W-0.9TiC 
mechanically alloyed powders are presented in Table 3.5 for milling 
times of 15 and 30 hours. Like in the case of the W-1.7TiC powder, it 
can be seen that the contamination with O, C and Co chemical elements 
increases with milling time, the O increase being more important than 
the C and Co ones. The O amounts reach very high values of 1.0 and 
1.33 wt.% in the W-0.3TiC and W-0.9TiC powders mechanically alloyed 
for 30 hours, respectively. 
Table 3.5: O, C and Co amounts in the W-0.3TiC and W-0.9TiC 
powders mechanically alloyed for various times up to 30 hours. 
Type of powder Milling time 
(hours) 
O amount 
(wt.%) 
C amount 
(wt.%) 
Co amount 
(wt.%) 
W-0.3TiC 0 0.380 0.050 0.030 
 15 0.560 0.095 0.030 
 30 1.000 0.960 0.041 
W-0.9TiC 0 0.250 0.041 0.023 
 15 1.030 0.200 0.050 
 30 1.330 1.053 0.050 
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3.3.2 HIPped materials 
3.3.2.1 HIPping conditions 
Mechanically alloyed powders of W-0.3TiC, W-0.9TiC and W-1.7TiC 
were placed into small cylindrical steel cans and degassed for 2 hours 
at 400°C, up to a vacuum of 5·10
-5
 Pa. After that, the cans were sealed 
by means of TIG. The cans were then HIPped at 1300°C, using an argon 
gas pressure of 200 MPa, for 3 hours. A part of the ingots were HIPped 
a second time at 1500°C, using an argon gas pressure of 200 MPa, for 
3 hours. Finally, the cans were removed from the HIPped ingots by 
spark erosion machining. The ingots had final dimensions of 20 mm in 
diameter and 18 mm in length. 
3.3.2.2 Density of the HIPped materials 
Figure 3.42 shows the density of the HIPped W-0.3TiC material after 
the 1st HIPping, and the density of the HIPped W-0.9TiC and W-1.7TiC 
materials after the 1
st
 and 2
nd
 HIPping. It can be seen that the density 
of the ingots increases with the TiC content in the materials. The 
density of the ingots also increases slightly, by about 3%, as a result of 
the 2
nd
 HIPping. Therefore, the highest density values were measured 
for the W-1.7TiC material. They were found equal to about 93% and 
95% after the 1st and 2nd HIPping, respectively. These values are 
slightly lower than those measured for the W-1Y2O3 and W-2Y 
materials (see Figure 3.18). 
Therefore, thenW-1.7TiC material was selected for further 
investigations of the microstructure and the mechanical properties after 
the 2nd HIP. 
 
 
Figure 3.42: Relative density of the HIPped W-TiC materials versus 
TiC content. 
100
90
80
70
60
R
e
la
ti
v
e
 d
e
n
s
it
y
 (
%
)
1.61.41.21.00.80.60.40.20.0
TiC content (wt.%)
 W-TiC 1HIP
 W-TiC 2HIP
Results Chapter 3 
 117 
3.3.2.3 Microstructure of the HIPped W-1.7TiC material 
SEM observations 
SEM-QBSD images at various magnifications of the general 
microstructure of the HIPped W-1.7TiC material are shown in 
Figure 3.43. The images were taken using an accelerating voltage of 
20 kV. It can be seen that the HIPped W-1.7TiC material is composed of 
a bimodal distribution of coarse grains, a few hundred nanometers in 
size, and smaller ones, a few ten nanometers in size. The grains exhibit 
lighter of darker grey contrasts, depending on their crystallographic 
orientation. The HIPped W-1.7TiC material also contains a high density 
of small black spots and larger black areas, which could correspond 
either to pores or to agglomerates of TiC precipitates. Therefore, SEM 
observations were complemented with TEM and STEM observations 
combined with EDS and EELS analyses. 
STEM and TEM observations 
Figure 3.44 shows STEM and TEM images of the microstructure of the 
HIPped W-1.7TiC material. As shown by SEM observations, the 
material appears composed of a bimodal distribution of coarse grains, 
with a mean size around 160 nm, and smaller ones, with a mean size 
around 40 nm. The grains exhibit lighter of darker grey contrasts, 
depending on their crystallographic orientation. The material also 
contains a high density of TiC particles that exhibit dark grey contrasts 
in dark field images (areas 1). The TiC particles appear 
inhomogeneously distributed inside the grains and at the grain 
boundaries. They exhibit a bimodal size distribution. The smaller TiC 
particles, with a mean size in the range from 1 to 20 nm, are usually 
located inside the grains and the larger ones, with a mean size in the 
range of 20-50 nm, are usually located at the grain boundaries. The 
volume density of the particles was found equal to 5.45·1022 m-3. The 
material also contains some residual porosity. The pores appear as 
black dots and black areas in dark field images and are located mostly 
at the grain boundaries (areas 2). The measured size and density values 
appear similar to those reported for the W-1Y2O3 and W-2Y materials. 
Figure 3.45 shows a high-magnification STEM image of the smaller TiC 
particles located inside the grains and the larger ones located at the 
grain boundaries. The larger TiC particles exhibit an elongated shape 
when located at the intersection of two grains and a triangular shape 
when located at the intersection of three grains. 
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Figure 3.43: SEM-QBSD images at various magnifications of the 
HIPped W-1.7TiC material. 
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Figure 3.44: Microstructure of the HIPped W-1.7TiC material: 
(a) STEM-Z Contrast image, (b) TEM-BF image, and (c) TEM-BF 
image. 
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Figure 3.45: STEM-HR image of TiC particles located inside the 
grains and at the grain boundaries of the HIPped W-1.7TiC material. 
EDS and EELS analyses 
Figure 3.46.a shows a STEM image of the microstructure of the HIPped 
W-1.7TiC material, and Figure 3.46.b shows nine EDS spectra obtained 
from EDS point analyses performed at nine different locations marked 
as 1, 2, 3, 4, 5, 6, 7, 8, 9 in Figure 3.46.a. Point analyses 2, 3, 4, 8 have 
been made in large particles, while point analyses 1, 5, 6, 7, 9 have 
been made in the matrix or small particles. The results of EDS point 
analyses, in terms of C, Ti, and W amounts in the nine different areas 
are reported in Table 3.6. It can be seen that the large area 2 appears 
enriched with Ti and C, in agreement with the presence of a TiC 
particle. The large areas 3 and 8 appear enriched with Ti. The other 
areas contain mostly W, in agreement with the W matrix. The O 
amounts are not mentioned in Table 3.6, as O was measured 
everywhere due to the presence of an oxide layer on the surface of the 
specimen. 
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(a) 
 
(b) 
Figure 3.46: (a) STEM-Z contrast image of the HIPped W-1.7TiC 
material with locations of nine EDS point analyses, and 
(b) corresponding EDS spectra. 
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Table 3.6: Results of EDS point analyses. 
EDS spectrum number C amount 
(wt.%) 
Ti amount 
(wt.%) 
W amount 
(wt.%) 
1 0 1.31 98.69 
2 10.00 62.06 27.94 
3 0 44.76 55.24 
4 2.84 3.80 94.02 
5 1.29 0.58 98.13 
6 0 0.84 99.16 
7 0 1.16 98.84 
8 0 10.58 89.42 
9 0 0 100 
 
 
(a) 
 
(b) 
Figure 3.47: (a) TEM-BF images of a specimen of the HIPped 
W-1.7TiC material, with location of EELS analysis (b) corresponding 
EELS spectra. 
EDS point analyses were complemented with EELS analyses. 
Figure 3.47 shows a TEM image of the microstructure of the HIPped 
W-1.7TiC material and the location of EELS analysis. Results showed 
that the particle highlighted in Figure 3.47 is actually a TiC carbide. 
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However, the presence of other phases, such as W-Ti precipitates, 
cannot be excluded. 
3.3.2.4 Mechanical properties of the W-1.7TiC material 
Only microhardness measurements and non-standard three point 
bending tests were performed on W-TiC materials, mostly on the 
HIPped W-1.7TiC material that exhibits a large density than the other 
HIPped W-TiC materials. 
The Vickers microhardness values at room temperature obtained for the 
HIPped W-0.9TiC and W-1.7TiC materials are reported in Figure 3.48. 
It can be seen that the HIPped W-1.7TiC material exhibits larger 
microhardness values than the HIPped W-0.9TiC material, in 
agreement with results of density measurements (see Figure 3.42). 
However, the Vickers microhardness was found to decrease slightly, by 
about 8-14%, as a result from the 2nd HIPping. This could be an 
indication that the applied  HIPping process had the effect of thermal-
mechanical treatment and the material has become less brittle after 3 
hours of dwell time at 1500°C and 200 MPa. As a consequence, the 
highest microhardness of 1203 HV0.2 was measured for the W-1.7TiC 
material after the 1st HIPping, as reported in Figure 3.48. The values 
measured for the HIPped W-0.9TiC and W-1.7TiC materials are slightly 
smaller than the ones measured for the HIPped W-1Y2O3 and W-2Y 
materials (see Table 3.4), in agreement with the corresponding density 
values (see Figures 3.18 and 3.42). Berkovich hardness and elastic 
modulus measurements at room temperature were performed only on 
the HIPped W-1.7TiC material after the 2
nd
 HIPping by means of nano-
indentation experiments. The hardness was found equal to about 
10 GPa and the elastic modulus to about 355 GPa. These values are 
similar to those the ones obtained for the HIPped W-1Y2O3 and W-2Y 
materials (see Table 3.4).  
 
 
Figure 3.48: Vickers microhardness of the HIPped W-TiC materials 
versus TiC content, after the 1
st
 and 2
nd
 HIPping. 
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Non-standard three point bending tests 
Non-standard three point bending tests were performed at various 
temperatures up to 1000°C on the HIPped W-1.7TiC material. Results 
revealed that the specimens failed in a brittle manner at all the test 
temperatures, as shown by the load-time bending curves reported in 
Figure 3.49. This was confirmed by fracture surface analyses that 
showed that the specimens failed in a purely brittle manner even at the 
highest investigated temperature of 1000°C, as shown in Figure 3.50. 
Average bending stress values versus test temperature are reported in 
Figure 3.51. It can be seen that the bending stress decreases with 
increasing the test temperature from about 690 MPa at 500°C down to 
about 580 MPa at 1000°C, reflecting the decrease of the elastic 
modulus with increasing temperature. 
 
 
Figure 3.49: Applied load versus time at two different test 
temperatures of 500°C and 1000°C for the HIPped W-1.7TiC 
material. 
 
Figure 3.50: SEM observations of fracture surfaces after three point 
bending tests at 500°C and 1000°C on the HIPped W-1.7TiC 
material. 
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Figure 3.51: Bending stress versus test temperature for the HIPped 
W-1.7TiC material. 
3.4 W-2Y material produced by the 
Plansee Company 
The compacted W-2Y ingot received from the Plansee Company was full 
of cracks and density of 94%. Therefore, it was not possible to cut out 
Charpy impact specimens and tensile specimens from the cracked 
ingot, and only a limited number of tests and observations were made 
on this material. 
 
 
Figure 3.52: Picture of W-2Y Plansee material: (a) from the top and 
(b) in profile. The cracks on the ingot are visible in both directions. 
The green-yellow WO3 visible on the surface of the ingot is a result of 
the compaction procedure. 
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3.4.1 Microstructure of the compacted material 
3.4.1.1 SEM and TEM observations 
SEM and TEM images of the compacted W-2Y Plansee material are 
reported in Figure 3.53. The material appears composed of coarse 
grains with sizes ranging between 200 nm and 4 µm. The grains exhibit 
lighter of darker grey contrasts, depending on their crystallographic 
orientation. The material also contains an inhomogeneous distribution 
of particles with sizes ranging between 100 nm and 2 µm, which exhibit 
dark grey contrasts in dark field images (areas 1). The material also 
contains some residual porosity. The pores appear as white dots and 
white areas in bright field images and are located mostly at the grain 
boundaries (areas 2). The material appears also heavily deformed, as 
revealed by the presence of a high density of dislocations. The sizes of 
the grains and particles in the compacted W-2Y Plansee material 
appear much larger than in the HIPped W-Y2O3 and W-Y materials 
manufactured at the laboratory scale. 
 
 
Figure 3.53: Microstructure of the compacted W-2Y Plansee 
material: (a) SEM-SE image, (b) SEM-QBSD image, and (c) TEM-BF 
image.  
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3.4.1.2 EDS analysis 
Figure 3.54.a shows a SEM image of the microstructure of a large 
particle in the compacted W-2Y Plansee material, and Figure 3.54.b 
shows the EDS spectrum obtained from the EDS point analysis 
performed in the large particle shown in Figure 3.54.a. The results of 
the EDS point analysis, in terms of C, O, and Y amounts in the large 
particle are reported in Table 3.7. It can be seen that the large particle 
appears enriched with O and Y and also contains a small amount of C. 
Therefore, the particle could be a large Y2O3 particle or an agglomerate 
of small Y2O3 particles, as a result from the very high sintering 
temperature of 2000°C that was used. The presence of C could be due 
to C contamination arising from the mechanical alloying process and/or 
the thermo-mechanical treatment. 
 
 
 (a) 
 
(b) 
Figure 3.54: (a) SEM-SE image of the compacted W-2Y Plansee 
material with location of the EDS point analysis, and 
(b) corresponding EDS spectrum. 
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Table 3.7: Results of the EDS point analysis. 
Chemical element Amount 
(wt.%) 
C (K line) 2.75 
O (K line) 19.79 
Y (L line) 77.44 
 
3.4.1 Mechanical properties of the compacted 
material 
3.4.1.1 Microhardness measurements 
The Vickers microhardness at room temperature of the compacted 
W-2Y Plansee material was found equal to about 500 HV0.2, and the 
Berkovich hardness at room temperature was found equal to about 
5 GPa. Both values are much lower than the ones measured for the 
HIPped W-1Y2O3 and W-2Y materials manufactured entirely at the 
laboratory scale (see Table 3.4). The Vickers microhardness value is 
also much lower than the values measured for the sintered W-Y2O3 and 
W-Y materials manufactured at the laboratory scale (see Figure 3.16). 
The Vickers microhardness value is actually relatively close to the value 
measured for the sintered pure W material manufactured at the 
laboratory scale (see Figure 3.16). The elastic modulus at room 
temperature of the W-2Y Plansee material, as determined from nano-
indentation experiments, was found equal to about 307 GPa, which is 
significantly lower than the values determined for the HIPped W-1Y2O3 
and W-2Y materials manufactured entirely at the laboratory scale (see 
Table 3.4). 
3.4.1.2 Non-standard three point bending tests 
Non-standard three-point bending tests were performed at various 
temperatures up to 1000°C on the compacted W-2Y Plansee material. 
Results revealed that the specimens failed in a brittle manner at all the 
test temperatures, as shown by the load-time bending curves reported 
in Figure 3.55, even at the highest investigated temperature of 1000°C. 
Average bending stress values versus test temperature are reported in 
Figure 3.56. It can be seen that the bending stress decreases with 
increasing the test temperature from about 370 MPa at 500°C down to 
about 150 MPa at 1000°C, reflecting the decrease of the elastic 
modulus with increasing temperature. These values are much lower 
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than those measured for the HIPped W-2Y material manufactured at 
the laboratory scale (see Figure 3.32). 
 
  
Figure 3.55: Applied load versus time at two different test 
temperatures of 500°C and 1000°C for the compacted W-2Y Plansee 
material. 
 
Figure 3.56: Bending stress versus test temperature for the 
compacted W-2Y Plansee material. 
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3.5 Irradiated material 
TEM specimens of the HIPped W-1.7TiC material have been irradiated 
with Fe ions in the JANNuS facility at 500°C to a dose of 5 dpa and a 
Helium content of 0.0375 appm. After irradiation, it was attempted to 
perform TEM observations as well as nano-indentation experiments in 
order to determine the microhardness and therefore an eventual 
irradiation-induced hardening. Unfortunately, the irradiated specimens 
were found too oxidized for performing reliable nano-indentation 
experiments. Therefore, only TEM observations were made on the 
irradiated specimens. 
Typical TEM mages of the microstructure of the HIPped W-1.7TiC 
material, before and after irradiation, are shown in Figure 3.7. No 
evolution in the microstructure, i.e., no irradiation-induced damage, 
was evidenced. Only grains, particles and dislocations were observed in 
both cases. 
 
 
Figure 3.57: TEM images of the microstructure of the HIPped 
W-1.7TiC material: (a) before irradiation, and (b) after irradiation 
with Fe and He ions in the JANNuS facility at 500°C to 5 dpa and 
1000 appm. 
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Chapter 4: Discussion 
4.1 Optimal chemical compositions 
The density and microhardness of the materials were found to increase 
with the Y, Y2O3 and TiC content in the materials. However, the 
W-2Y2O3 powder was found too brittle to be easily compacted by 
HIPping. Therefore, among the nine investigated materials, the three 
ones reported in Table 4.1 have been actually selected for further 
detailed analyses. 
Table 4.1: Tested and selected chemical compositions. 
Tested composition 
[wt.%] 
Selected composition 
[wt.%] 
W-(0.3-1.0-2.0)Y W-2.0Y 
W-(0.3-1.0-2.0)Y2O3 W-1.0Y2O3 
W-(0.3-0.9-1.7)TiC W-1.7TiC 
 
4.2 Optimal manufacturing conditions 
The optimal manufacturing conditions for W-Y, W-Y2O3 and W-TiC 
materials, as derived from the results presented within chapter 3, are 
summarized in Figure 4.1. It can be seen that they are the same for the 
three optimal compositions. Among the various processing parameters, 
the mechanical alloying time was found to be more especially important 
and was therefore investigated more in detail. 
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Figure 4.1: Optimal manufacturing conditions. 
4.3 Comparison with literature data 
4.3.1 W-Y2O3 materials 
4.3.1.1 Mechanically alloyed powders 
To our knowledge, only a few other studies were aimed at 
manufacturing and characterizing W-Y2O3 materials [1, 2, 3]. None of 
them included a description of the mechanically alloyed powders but 
only a description of the microstructure and mechanical properties of 
the materials compacted by either sintering or HIPping. 
4.3.1.2 Sintered materials 
As reported in [1], pure W powder particles were milled with 0, 5, 10 or 
20 vol.% pure Y2O3 powder particles in a pottery ball mill for 168 hours 
and degassed at 600°C for 1 hour in a hydrogen atmosphere. The 
powders were then compacted by cold isostatic pressing under a 
pressure of 196 MPa, pre-sintered at 1600°C for 8 hours in vacuum and 
sintered at 1800°C, 2000°C or 2200°C for 8 hours in vacuum. 
It was found that the size of the grains increases with the sintering 
temperature from a few micrometers at 1800°C up to a few tens of 
micrometers at 2200°C (Figure 4.2.a). However, the addition of Y2O3 
particles allows reducing the grain growth at lower sintering 
temperatures. At higher sintering temperatures the presence of Y2O3 
yields a stronger increase in the grain size in favoring sintering of W. It 
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was also found that the size of Y2O3 particles increases with the Y2O3 
content and the sintering temperature from about 1 µm at 1800°C up to 
about 5-10 µm at 2200°C (Figure 4.2.b). The relative density of the 
materials increases strongly with the Y2O3 content and slightly with the 
sintering temperature up to values around 99% (Figure 4.2.c). 
Therefore, it was concluded that the addition of Y2O3 particles is useful 
for reducing the sintering temperature. The four-point bending strength 
at ambient temperature was found to be enhanced by the addition of 
Y2O3 particles at lower sintering temperatures, due to the larger density 
of the materials, and to be reduced at higher sintering temperatures, 
due to the presence of larger Y2O3 particles that act as crack nucleation 
sites, which are induced by the large residual stresses located inside 
and in the vicinity of such particles (Figure 4.2.d). Therefore, the 
authors reported the four-point bending stress versus the Y2O3 particle 
size measured at different sintering temperatures and determined a 
very small fracture toughness value of 1.06 MPa·m
½
 by assuming an 
infinite plate with a crack under uniform tension, using the following 
equation, where d is the mean size of the Y2O3 particles (Figure 4.3): 
   
   
    
 (4.1) 
Note that this relation holds for large Y2O3 particles, whatever their 
amount and the sintering temperature, while for small Y2O3 particles 
the bending strength deviates from that relation, which was attributed 
to nonlinear fracturing. 
In the present work, the sintering temperature that was used is equal to 
1800°C. The mean size of the grains was found to be of the order of 
60 µm, i.e., larger than in [1]. This might be due to the smaller Y2O3 
contents used in the present work, the particles acting as grain 
boundary stabilizers and therefore as grain growth inhibitors during 
sintering, as well as to the different elemental powder sizes, milling 
conditions and/or compaction conditions used in the two studies. 
However, the relative density was also found to increase strongly with 
the addition of Y2O3 particles. Density values of 65 and 85% were 
measured for pure W and the W-2Y2O3 material, respectively. These 
values are lower than those reported in [1], in good agreement with the 
smaller Y2O3 contents used in the present work. 
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(a) 
 
(b) 
 
(c) 
 
(d) 
Figure 4.2: (a) Grain size versus sintering temperature, (b) Y2O3 
particle size versus sintering temperature, (c) relative density versus 
sintering temperature, and (d) four-point bending strength versus 
sintering temperature, after [1]. 
 
Figure 4.3: Four-point bending strength versus the Y2O3 particle 
size, after [1]. 
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In a more recent study [2], pure W powder particles were milled with 0, 
0.5, 1.0, 1.5 or 2 wt.% pure Y2O3 powder particles in a ball mill for 
8 hours using stainless steel balls. The powders were then compacted in 
a steel die under a pressure of 200 MPa to a relative density of 51% and 
sintered at various temperatures in the range of 1800-2500°C for 
1 hour in hydrogen. 
Like in the previous work [1], it was found that the relative density of 
all materials increases with the sintering temperature (Figure 4.4.a). 
For the sintering temperature of 1800°C, the addition of Y2O3 particles 
was observed to yield a decrease in the density, with respect to the one 
of pure W, while for sintering temperatures above 2000°C the density 
was observed to increase with the Y2O3 content. It was suggested that 
at 1800°C sintering proceeds in solid phase and that the Y2O3 particles 
act as obstacles to sintering, while at higher temperatures liquid phase 
sintering may occur locally in addition to solid phase sintering, due to 
the formation of a W-Y2O3 eutectic phase at 1560°C, yielding an 
enhancement in the sintering of W powders. The authors also observed 
that the Vickers microhardness increases with the sintering 
temperature and the Y2O3 content (Figure 4.4.b). 
 
 
(a) 
 
(b) 
Figure 4.4: (a) Relative density versus sintering temperature, and 
(b) Vickers microhardness versus sintering temperature, after [2]. 
In the present work, SEM observations showed that at 1800°C sintering 
proceeded, at least locally, in liquid phase. In addition, both the density 
and the Vickers microhardness were observed to increase with the Y2O3 
content, in agreement with the idea of a solid phase sintering enhanced 
by a local liquid phase sintering promoted by the presence of Y2O3 
particles yielding the formation of a W-Y2O3 eutectic phase, reported to 
occur at 1560°C in [2], and then larger density and microhardness 
values than those reported in [2]. For instance, density values of about 
85% in the present work and of about 78% in [2] were measured for the 
W-2Y2O3 material. The pseudo-binary phase diagram of the system 
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WO3-Y2O3 is reported in Figure 4.5.a, and the ternary composition 
diagram of the system Y-W-O is reported in Figure 4.5.b [4]. They 
show that WO3 and Y2O3 react to form five compounds whose 
stoichiometry can be represented by the formula WO3·x(YO1.5), where x 
has the values of 2/3, 2, 15/4, 9/2 and 6. The ternary composition 
diagram of the system Y-W-O shows that no phases, other than the five 
reported, form from the W, Y and O chemical elements in the 
temperature range of 1100-1400°C at 1 atmosphere total pressure. 
Excluded from this conclusion are compositions in the range of 
WO3-WO2-phase I, which were not investigated. In the present work, 
the amount of oxygen in the mechanically alloyed powders was large 
enough, up about 1 wt.%, to yield the formation of the WO3 phase at 
1800°C and therefore the formation of an eutectic phase at about 
1160°C (Figure 4.5.a), in addition to the formation of a W-Y2O3 eutectic 
phase at 1560°C [2]. Differences in the elemental powder particle sizes, 
O contents, milling and compaction conditions could explain the small 
discrepancy in the temperature of apparition of liquid phase sintering, 
about 1800°C in the present work and about 2000°C in [2]. 
 
 
(a) 
 
 
(b) 
Figure 4.5: (a) Pseudo-binary phase diagram of the system 
Y2O3-WO3, and (b) ternary composition diagram of the system 
Y-W-O, after [4]. 
4.3.1.3 HIPped materials 
In a very recent study [3], pure W powder particles were milled with 0 
or 0.5 wt.% pure Y2O3 powder particles in a planetary ball mill for 2 
hours in an argon atmosphere using a jar and milling ball made of WC. 
The powders were then degassed at 400°C for 24 hours and compacted 
by HIPping in two stages, first at 1277°C under 195 MPa for 2 hours 
and second, after un-canning, at 1700°C under 195 MPa for 30 minutes, 
in an argon atmosphere. 
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It was found that both pure W and the W-0.5Y2O3 material contain a 
large porosity of about 7-8%, mostly located at the grain boundaries 
(Figure 4.6). The addition of Y2O3 particles yields a slight decrease in 
the mean grain size, from about 17 µm down to about 14 µm. In 
addition to pores, the W-0.5Y2O3 material was observed to contain 
large inclusions of a Y-rich phase, apparently an eutectic oxide of W-Y, 
also mostly located at the grain boundaries in regions free of porosity 
(Figure 4.6), which indicates that the Y2O3 particles formed 
agglomerates during HIPping, so reducing the ability of the dispersed 
nanoparticles to inhibit grain growth. 
The strength and fracture toughness values derived from three-point 
bending tests performed in air are shown in Figure 4.7 versus test 
temperature [3]. Load–displacement curves obtained in three-point 
bending tests showed that both pure W and the W-0.5Y2O3 material are 
brittle at 200°C, due to intergranular cracking arising from crack 
nucleation at the pores located along the grain boundaries and to 
cleavage of large grains, and appear ductile at 400°C and above for 
smooth specimens and at 600°C and above for notched and un-cracked 
specimens. The authors concluded that porosity might be the dominant 
factor controlling the strength of pure W and the W-0.5Y2O3 material at 
ambient temperature, its ductile behavior at temperatures higher than 
600°C being attributed to plastic deformation of the W grains, although 
intergranular fracture and cleavage were also observed at these higher 
temperatures. The fracture toughness values were found very small 
over the whole temperature range investigated, although a strong 
increase in fracture toughness was observed to take place between 25 
and 400°C, in agreement with strength values. The larger fracture 
toughness values measured for the W-0.5Y2O3 material at temperatures 
above 400°C, with respect to those measured for pure W, were 
attributed to a better oxidation resistance of the W-0.5Y2O3 material. 
The DBTT of both materials was estimated to lie in between 200 and 
400°C. Note that, as these results have been derived from three-point 
bending tests performed in air, they are not fully reliable, as W-base 
materials oxidize strongly at elevated temperatures. 
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(a) 
 
(b) 
Figure 4.6: Optical microscopy images of (a) pure W: pores and 
grain boundaries are highlighted in red, and (b) the W-0.5Y2O3 
material: pores, Y-rich inclusions and grain boundaries are 
highlighted in red, after [3]. 
 
(a) 
 
(b) 
Figure 4.7: (a) Bending strength (solid symbols: linear response of 
the specimens up to fracture) or yield strength (open symbols: 
plastic deformation of the specimens before the maximum load) 
versus test temperature for smooth specimens of pure W and 
W-0.5Y2O3, and (b) fracture toughness versus test temperature for 
smooth specimens of pure W and W-0.5Y2O3, after [3]. 
In the present work, the W-1Y2O3 material was observed to be 
composed of a bimodal distribution of coarse grains, with a mean size 
around 500 nm, and smaller ones, with a mean size around 50 nm, i.e., 
of much smaller grains than the W-0.5Y2O3 material described in [3], in 
agreement with the idea that a large Y2O3 content inhibits more 
efficiently the grain growth occurring during HIPping than a smaller 
one. Large Y2O3 particles or agglomerates of Y2O3 particles were also 
observed at the grain boundaries, in addition to smaller ones located 
inside the W grains. When located at the intersection of three grains, 
the large precipitates exhibit a triangular shape in TEM, while the small 
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precipitates located inside the grains exhibit a spherical shape at low 
magnifications and a slightly faceted shape at higher magnifications. 
These results indicate that the large Y2O3 particles or agglomerates of 
Y2O3 particles observed at the grain boundaries certainly formed during 
HIPping at the locations of the pores and they are contributing to a 
weakening of the grain boundaries, in opposition to the idea of a fine 
distribution of small particles that could reinforce the grain boundaries. 
The large particles could result from the formation of an eutectic phase 
at about 1160°C, as shown by the pseudo-binary phase diagram of the 
WO3-Y2O3 system reported in Figure 4.5.a, which indicates that the 
large Y2O3 particles or agglomerates of Y2O3 particles could be 
eventually more complex W-Y-O precipitates. However, results of 
microscopic observations and EELS analyses suggest that sintering 
occurred in the solid phase, as it is usually the case during HIPping [5], 
and that the large particles are most probably of the Y2O3 type. 
In the present work, a much larger hardness value of about 11 GPa was 
measured for the HIPped W-1Y2O3 material than the hardness value of 
about 2.34 GPa reported in [3] for the HIPped W-0.5Y2O3 material, due 
to the larger Y2O3 content, larger density and much smaller grain sizes 
evidenced for the HIPped W-1Y2O3 material. Note that the value of 
11 GPa is also much larger than the typical Vickers microhardness of 
pure W, of the order of 3.4 GPa. 
4.3.2 W-Y materials 
4.3.2.1 Mechanically alloyed powders 
To our knowledge, a single another study was aimed at manufacturing 
and characterizing a W-Y material [6]. In that study a W-1vol.%Y 
material was produced by mechanically alloying pure W and Y powder 
particles in a planetary ball mill by using a jar and milling balls made of 
WC-Co, a BPR ratio of 16:1 and a speed of 400 rpm for various times 
up to three days. The mechanically alloyed powders were then 
compacted by uniaxial compression at room temperature, in air under a 
pressure of 1.2 GPa, followed by sintering at 1800°C, in vacuum for 
4 hours. 
Mechanical alloying was found to yield the formation of more equiaxed 
powder particles [6], like in the present work. Welding was observed to 
predominate at short milling times of about 5 minutes, yielding a slight 
increase in the mean size of the particles from about 4.5 µm up to about 
8 µm, and fracture was observed to be the major mechanism at longer 
milling times of about 20 hours, yielding a decrease in the mean size of 
the particles down to about 0.8 µm. Mechanical alloying was also found 
to engender the formation of crystallites inside the powder particles, 
like in the present work. The size of the crystallites was observed to 
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decrease with increasing the milling time, down to a constant value of 
about 5 nm from about 30 hours of milling time. Simultaneously, the 
lattice strain of the powder particles was found to increase with the 
milling time, due to the generation of numerous defects inside the 
particles, up to a value of about 0.3% at longer milling times. 
These results are similar to those obtained in the present work. In 
particular, the mean size of the crystallites determined from XRD 
experiments was found equal to about 20 nm for the longest milling 
times, which agrees well with the value of 5 nm reported for the 
W-1vol.%Y material [6] and the value of 10 nm reported for pure W [7]. 
Such values correspond well to theoretical estimations of the mean size 
of dislocation free crystallites in pure W, yielding values in the range of 
4.5-9 nm [7]. However, in the present work, welding was found to 
predominate at all investigated milling times, i.e., up to 30 hours of 
mechanical alloying. This might be due to differences in the initial size 
and purity of the elemental powders, in the milling conditions and the 
amounts of contaminations introduced into the powders during 
mechanical alloying. However, even when mechanical alloying yields an 
increase in the size of the powder particles, it yields a refinement of the 
microstructure through a decrease of the size of the crystallites that 
compose the particles. 
In the present work, air contaminations as well as contamination of the 
powders with the jar and milling ball material, namely WC-Co, were 
found to increase more or less continuously with the milling time. 
Similar observations have been reported in [6] in the case of the 
W-1vol.%Y material produced using the same jar and milling ball 
material. Air contamination arises from oxygen traces present in the 
milling atmosphere, i.e., in argon in the present work, as well as from 
leaks during mechanical alloying, as the jar is not perfectly sealed, and 
from handling of the milled powders following mechanical alloying. The 
reactivity of the powders towards oxygen is promoted by the fineness of 
the powder particles. Contamination with WC and Co is promoted by 
the tendency of WC and Co to adhere and the overall ductile behavior of 
the powder blends during milling [8]. 
In the case of the W-1vol.%Y material it was reported in [6] that all Y 
transformed into Y2O3 during mechanical alloying, at least when the 
oxygen content is above a critical value required to change all Y into 
Y2O3, which always happens when the milling time is sufficiently long. 
In the present work, transformation of all Y into Y2O3 has been 
confirmed by TEM observations of Y2O3 particles in the HIPped W-Y 
materials and by the fact that the O content in the milled powders 
(about 1 wt.%) was much larger than the critical value (about 
0.35 wt.%) required to transform all Y into Y2O3. Assuming that this 
phenomenon actually takes place during mechanical alloying, this has a 
strong impact on the mechanical alloying mechanism. Indeed, while Y 
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particles are expected to be much more ductile than W particles, Y2O3 
particles might be harder than W particles. Therefore, plastic 
deformation and then work hardening of W particles might be favored 
by the stress concentration due to the hard Y2O3 particles, so promoting 
the fracture of W particles as milling time increases. This phenomenon 
may be still enhanced by the presence of hard WC particles. The 
formation of a Co solid solution in W is also likely to affect the 
properties of the blends. 
4.3.2.2 Sintered materials 
In the present work, the density of all green compacts was only about 
65% the theoretical density. Sintering was found to increase strongly 
the relative density of all W-Y materials up to values around 85-88%, 
leaving an important residual porosity within the materials, however. A 
similar behavior and similar values were reported in the case of the 
W-1vol.%Y material [6], at least for sufficiently long milling times. 
The density of the green compacts and the sintered ingots actually 
depends on a great number of parameters dealing with the morphology, 
the size distribution and the ductility of the powder particles. The 
ductility is governed by the distribution of the second phases within the 
materials, and the degree of contamination and dislocation substructure 
in the powder particles. Low density values are usually attributed to 
two main possible phenomena: (1) mechanical alloying may lead to the 
formation of a monomodal powder particle size distribution, which is 
less favorable than a bimodal powder particle size distribution to 
eliminate the porosity [7, 9], and (2) the presence of oxide layers on the 
powder particle surfaces, due to air contamination, may prevent them 
to deform and then to weld. 
Sintering of W-base materials can proceed in solid phase or be 
promoted by the formation of a liquid phase. On the one hand, solid 
phase sintering can occur as the sintering temperature is rather low for 
pure W, which is usually solid phase sintered at temperatures around 
2000°C [9]. In addition, literature data indicate that sintering of W can 
be activated by the presence of Co in solid solution, because this 
chemical element leads to an increase in the diffusion rate [10, 11]. 
However, in the case of W-Y materials, the presence of Co cannot 
improve the solubility because of the tendency of Y and Co to form 
intermetallic compounds [8]. On the other hand, in the case of W-Y 
materials, liquid phase sintering can arise from (1) the melting of 
isolated islands of WC-Co that is usually liquid phase sintered at about 
1450°C [11, 12], and because (2) 0-0.304 at.% O-Y solid solutions melt 
in the range of 1522-1670°C [13], (3) eutectics of W-Y and W-Y2O3 
form at 1522°C [1] and 1560°C [13], respectively, (4) a Y2(WO4)3 phase 
can form, which melts at 1440°C [1], and (5) the pseudo-binary phase 
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diagram of the system WO3-Y2O3 indicates that an eutectic phase forms 
at about 1160°C [4]. The various possible sintering mechanisms of the 
W-1vol.%Y material were extensively discussed in [6], but the authors 
could not draw any definitive conclusion about the actually operating 
mechanism: solid phase or liquid phase sintering. However, liquid 
phase sintering was evocated as the most probable operating 
mechanism. In the present work, SEM observations indicate that the 
sintering of W-Y materials proceeds, at least locally, in liquid phase, 
like in the case of W-Y2O3 materials. In addition, all the melting 
temperatures mentioned just above are well below the sintering 
temperature of 1800°C that was used. 
A significant grain growth is usual during the sintering of 
nanostructures. In the present work, a significant grain growth took 
place during the sintering, yielding the formation of grains with a mean 
size around 60 µm. The presence of Y2O3 particles at the grain 
boundaries was not sufficient to hinder that phenomenon. This indicates 
that the density and/or size distribution of the particles was not suitable 
for fully stabilizing the grain boundaries by means of the Zener pinning 
mechanism [1, 14]. Similar observations have been made in the case of 
the W-Y2O3 materials studied in the present work and the W-1vol.%Y 
material [6]. 
4.3.2.3 HIPped materials 
As evidenced by TEM observations, it seems that all the Y transformed 
into Y2O3 during the mechanical alloying process, as a result from the 
high O content in the mechanically alloyed powders (about 1 wt.%), 
which is much larger than the minimum O amount of about 0.35 wt.% 
required for transforming all the Y into Y2O3 in the W-2Y material. This 
indicates that replacing Y2O3 particles with pure Y particles is a very 
effective method for trapping the oxygen (or at least a part of it) 
contained in the powders during mechanical alloying. The formation of 
Y2O3 from pure Y and O is in good agreement with the Y-O phase 
diagram (Figure 4.8) [15]. In pure W, this phenomenon is actually 
possible as the reactivity of Y with O overwhelms the one of W with O 
[16]. 
 
Discussion Chapter 4 
 143 
 
Figure 4.8: Y-O phase diagram, after [15]. 
To our knowledge, there is no other study, apart from the present one, 
on W-Y materials produced by mechanical alloying and HIPping. 
In the present work, the microstructure of the HIPped W-2Y material 
was found similar to the one of the HIPped W-1Y2O3 material. However, 
the number density of the Y2O3 particles in the HIPped W-2Y material 
was found slightly larger than in the HIPped W-1Y2O3 material, in 
agreement with a 2Y content that transformed entirely into 2Y2O3. The 
grains were also found smaller in the HIPped W-2Y material, in the 
range of 20-100 nm, than in the HIPped W-1Y2O3 material, in the 
range of 50-500 nm, in agreement with a larger amount of Y2O3 
particles in the HIPped W-2Y material, which acted as obstacles to 
grain growth during HIPping. 
In the present work, a Vickers microhardness value of about 1900 HV0.2 
and a hardness value of about 18 GPa were measured for the HIPped 
W-2Y material. These values are much larger than the Vickers 
microhardness value of about 1275 HV0.2 and the hardness value of 
about 11 GPa that were measured for the HIPped W-1Y2O3 material, in 
agreement with a 2Y content that transformed entirely into a 2Y2O3 
content. It is also larger than the value of about 1435 HV0.2 measured 
for the sintered W-2Y material, in agreement with the density value of 
about 99% measured for the HIPped material as compared to the 
density value of about 88% measured for the sintered material. 
In the present work, the hardness value of about 18 GPa and the 
bending stresses, in the range of 650-800 MPa, which were measured 
for the HIPped W-2Y material are also much larger than the hardness 
(about 2.34 GPa) and bending stress values reported in [3] for the 
HIPped W-0.5Y2O3 material, in agreement with the larger density and 
much smaller grain sizes evidenced in the HIPped W-2Y material and 
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with a 2Y content that transformed entirely into a 2Y2O3 content in the 
HIPped W-2Y material during the HIPping process. Note that the value 
of 18 GPa is also much larger than the typical Vickers microhardness of 
pure W, of the order of 3.4 GPa. In the present work, the DBTT of the 
HIPped W-2Y material was estimated to lie in between 1100 and 
1200°C, while the DBTT of the HIPped W-0.5Y2O3 material was 
estimated to lie in between 200 and 400°C [3]. However, as mentioned 
before, the latter values are not very reliable, as they were mostly 
determined on the basis of three-point bending tests performed in air 
and W-base materials oxidize strongly at elevated temperatures. 
4.3.3 W-TiC materials 
4.3.3.1 Mechanically alloyed powders 
Most of the work performed on W-TiC materials was/is being 
performed by Japanese researchers, namely Dr. Kurishita et al. [17, 18, 
19, 20, 21, 22] in the aim to improve their fracture resistance to 
embrittlement induced by a high DBTT value (low temperature 
embrittlement), by re-crystallization and grain growth (re-crystallization 
embrittlement) and by neutron and light ion irradiations (radiation 
embrittlement). Their main results are summarized below. 
In these studies W-(0.25-1.5)TiC materials (in wt.%) were produced by 
mixing pure W (mean particle size: 4 µm, purity: 99.9%) and TiC (mean 
particle size: 1 µm or 40 µm, purity: 99.9%) powder particles in a glove 
box filled with either purified argon or hydrogen (99.99999%) and by 
mechanically alloying the mixed powders in a ball mill by using a jar 
and milling balls made of TZM (Mo-0.5Ti-0.1Zr), also in either a 
purified argon or a hydrogen atmosphere, for various times ranging 
between 30 and 100 hours. The mechanically alloyed powders were 
then heated at 800°C for 1 hour in vacuum in order to remove the 
argon or hydrogen gas introduced during mechanical alloying. Oxygen 
contamination was measured to be around 250 wppm, while 
contamination with Mo was found very important, of the order of 
2 wt.%. 
In the present work, mechanical alloying of W and TiC powder particles 
was performed using much smaller TiC particles (around 40 nm) than in 
the works by Kurishita et al. Purities of the elemental powders were 
similar. The mechanical alloying conditions could not be really 
compared, as no details were provided in the Japanese papers. 
However, the mechanical alloying times used in the present work (up to 
30 hours) were smaller than in the works by Kurishita et al., and the 
mechanical alloying atmosphere was pure argon, instead of very high 
purity argon or hydrogen. No Mo contamination was detected, as the 
jar and milling ball material was not TZM but WC-Co. However, C and 
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Co contaminations were evidenced. The O contamination was found of 
the order of 1 wt.% after 30 hours of mechanical alloying, i.e., much 
larger than in the works by Kurishita e al. Similar values were 
measured in what concerns the C contamination. The larger O 
contamination measured in the present work could be due to several 
factors: (1) much smaller TiC powder particles with larger surfaces 
were used, (2) pure argon instead of very high purity argon or hydrogen 
was used as mechanical alloying atmosphere, (3) the degassing 
temperature of the mechanically alloyed powders was lower, namely 
400°C instead of 800°C, and (4) the way of handling the milled powders 
might be also different. 
4.3.3.2 Sintered materials 
To our knowledge, no W-TiC material has been yet manufactured using 
compaction of the mechanically alloyed powders by means of sintering. 
4.3.3.3 HIPped materials 
In the papers by Kurishita et al., it was mentioned that the degassed 
mechanically alloyed powders were enclosed into a mild steel can and 
compacted by HIPping in an argon atmosphere at 1350°C under 
200 MPa for 3 hours or at 1400°C under 1 GPa for 2 or 3 hours. The 
HIPped ingots were then subjected to hot compression forming at 
various temperatures ranging between 1600 and 1800°C in vacuum to 
reduction ratios of 70-85%. 
It was found that the HIPped materials are composed of equiaxed 
grains with a mean size in the range of 50-200 nm and contain TiC 
particles. Grain refinement increases with the TiC content. Mechanical 
alloying in argon, instead of hydrogen, leads to the formation of nano-
sized argon bubbles and then to less densification but to a more 
important grain refinement, as the argon bubbles act as grain boundary 
stabilizers, in addition to the TiC particles, and then allow limiting grain 
growth during HIPping. The grain size in the W-TiC-Ar materials is 
about half of that in the W-TiC-H2 materials. TiC particles with sizes up 
to 150 nm were observed at the grain boundaries. They exhibit an 
orientation relationship with the matrix, which could indicate that they 
formed by precipitation from a supersaturated state. Hot plastic 
working usually leads to an increase in grain size via a re-crystallization 
process. For instance, hot compression forming of W-1.1TiC-H2 
HIPped under 200 MPa and of W-1.1TiC-Ar HIPped under 1 GPa, at 
1650°C to a reduction ratio around 80%, was found to yield a strong 
increase in the density, up to about 100%, and in the grain size, from 
about 100-150 nm up to about 1480 nm and from about 70 nm up to 
about 520 nm, respectively. 
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In what concerns the room temperature mechanical properties, the 
addition of TiC particles was found to yield an increase in the three-
point bending strength at fracture from about 1 GPa for pure W to 
1.5-2.0 GPa for the W-(0.25-1.5)TiC materials HIPped under 200 MPa, 
with a small dependence on the TiC content. The W-TiC-H2 materials 
exhibit larger fracture strength values than the W-TiC-Ar materials, as 
a result from their higher density. However, they exhibit no appreciable 
ductility at room temperature, their fracture strength being lower than 
their yield strength. HIPping under a pressure of 1 GPa has no effect on 
the fracture strength of W-TiC-H2 materials, but increases strongly the 
fracture strength of W-TiC-Ar materials from 1.3-1.5 GPa up to 2 GPa 
for the W-0.6TiC-Ar materials and to 2.6 GPa for the W-1.1TiC-Ar 
material. The latter value is larger than the highest fracture strength of 
W-TiC-H2 materials (about 2 GPa), as shown in Figure 4.9.a. However, 
the value of 2.6 GPa remains lower than the very high yield stress 
resulting from the nano-size of the grains, due to the Hall and Petch 
effect. Microstructural modifications by hot plastic working allow 
converting the nano-grained materials into small-grained materials and 
strengthening the weak, random grain boundaries, responsible for 
intergranular fracture. For instance, hot compression forming of 
W-1.1TiC-H2 HIPped under 200 MPa and of W-1.1TiC-Ar HIPped 
under 1 GPa, at 1650°C to a reduction ratio around 80% was found to 
lead to a strong increase in the fracture strength, up to about 3.5 GPa 
and 4.4 GPa (Figure 4.9.b), respectively, and to appreciable room 
temperature ductility in three-point bending tests (Figure 4.9.c). The 
fracture mode changes from intergranular to interganular and 
transgranular, indicative of a strengthening of grain boundaries by hot 
compression forming. This was suggested to be due to an increase in 
the amounts of TiC particles at the grain boundaries and/or to changes 
in the grain boundary structures. The optimal chemical composition of 
W-TiC materials was identified to lie around W-1.0wt.%TiC. 
In what concerns the high temperature mechanical properties, the 
HIPped W-TiC materials was found to exhibit superplasticity based on 
grain boundary sliding at temperatures above 1400°C (Figure 4.9.d). 
The total elongation, the flow stress and the strain rate sensitivity of the 
flow stress all depend strongly on the TiC content as well as the 
mechanical alloying atmosphere. The total elongation increases with 
TiC content, while the presence of argon bubbles reduces total 
elongation, flow stress, and strain rate sensitivity. 
In what concerns the irradiation performance of HIPped W-TiC 
materials, it was found that neutron irradiation of W-0.5TiC-H2 and 
W-0.5TiC-Ar materials at 600°C to a fluence of 2·1024 n/m2 (about 
0.15 dpa) yields no radiation hardening, although small voids and black 
dots (interstitial dislocation loops) were observed in both materials 
after irradiation but in smaller densities than in irradiated pure W. The 
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W-0.3TiC-H2 material irradiated with 3 MeV He ions at temperatures 
above 400°C exhibits a high resistance to surface exfoliation, mainly 
due to enhanced diffusion of implanted He in the nano-grained material. 
The W-0.5TiC-H2 material irradiated with 1 keV H ions at 380°C 
exhibits many small holes due to ejection of the nano-sized grains 
resulting from a weakening of the grain boundaries that act as traps for 
hydrogen. The penetration depth of low-energy hydrogen being very 
limited, this phenomenon is enhanced by the small size of the grains. 
The materials submitted to hot compression forming exhibit a good 
resistance to low energy, high flux, high fluence ion irradiation at 
300°C in pure deuteron (D) and D+He mixture plasmas. 
In the present work, HIPping was performed at a slightly smaller 
temperature of 1300°C than in the works by Kurishita et al. A similar 
pressure of 200 MPa was used. It was not attempted to use a higher 
pressure of 1 GPa, for instance, neither to apply a thermal-mechanical 
treatment, due to a lack of adequate devices at disposal. In Europe, 
such devices are mostly available at the Plansee company (Austria). 
Therefore, the idea of producing a W-TiC material similar to the one 
produced by Kurishita et al. was discussed with the Plansee company. 
However, after preliminary unsuccessful trials the Plansee company 
told us that they were renouncing to produce such a material. 
In the present work, the density of the HIPped materials was also found 
to increase with the TiC content. The highest density of about 95% was 
measured for the W-1.7TiC material HIPped a second time at 1500°C 
under 200 MPa after removal of the steel can. This value is slightly 
smaller than those reported in the papers of Kurishita et al., equal to 
about 99% after HIPping at 1350°C under 200 MPa. This might be due 
to the presence of a larger O content in the mechanically alloyed 
powders produced in the present work. In the present work, the HIPped 
W-1.7TiC material was observed to be composed of a bimodal 
distribution of coarse grains, with a mean size around 160 nm, and 
smaller ones, with a mean size around 40 nm. It also contains some 
residual porosity and an inhomogeneous distribution of TiC particles 
that exhibit a bimodal size distribution, the smaller TiC particles, with a 
mean size in the range of 1-20 nm, being usually located inside the 
grains and the larger ones, with a mean size in the range of 20-50 nm, 
being usually located at the grain boundaries. These observations are 
similar to those reported by Kurishita et al. and confirm that the TiC 
particles act as grain boundary stabilizers and prevent a large grain 
growth during the HIPping process. Note that Kurishita et al. did not 
mention the presence of TiC particles inside the grains, but only the 
presence of TiC particles at the grain boundaries In the present work 
and in other ones the formation during HIPping of other types of 
precipitates and oxides, in addition to the TiC particles, was not 
excluded. In the present work, much smaller three-point bending 
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strength values, in the range of 580-690 MPa, were measured than the 
values reported by Kurishita et al, in spite of a higher TiC content in the 
studied W-1.7TiC material. This might be due to the presence of a 
larger O content in the mechanically alloyed powders and/or to the 
larger residual porosity exhibited by compacted materials. Slightly 
smaller Vickers microhardness values were also measured, in 
agreement with results of density measurements. 
 
 
(a) 
 
(b) 
 
(c) 
 
(d) 
Figure 4.9: (a) Effects of the HIPping pressure (NH: 200 MPa, UH: 
1 GPa) and the mechanical atmosphere on the three-point bending 
strength (at fracture) at room temperature for W-TiC materials, after 
[22]. (b) effects of the compression forming temperature and 
reduction ratio on the three-point bending strength at room 
temperature for W-(1.0-1.1)TiC-Ar materials, after [22]. (c) three-
point bending curves at room temperature for the W-1.1TiC-Ar 
material HIPped under 1 GPa before and after compression forming 
at 1650°C to a reduction ratio around 80%, after [22. (d) tensile total 
elongation at high temperatures using a strain rate of 5·10
-4
 s
-1
 for 
W-TiC-H2 materials HIPped under 200 MPa, after [21]. 
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4.4 Comparative analysis of the three 
types of materials produced 
4.4.1 Summary of the main results 
Similar results have been obtained for the three types of materials 
produced, namely W-Y2O3, W-Y and W-TiC materials, in terms of 
microstructures and mechanical properties. This is mostly due to the 
fact that the same optimal manufacturing conditions have been 
identified and used for the three types of materials. Activities were 
mainly focused on optimizing the mechanical alloying time, in order to 
achieve a good milling of the powder particles, in terms of dissolution 
and alloying processes, in the aim to get a well refined microstructure, 
i.e., a homogeneous distribution of small powder particles and 
crystallites, and to limit the air contamination and the contamination 
with the jar and milling ball material. 
In what concerns the microstructures, all the materials appear 
composed of grains with sizes in the range of 20-500 nm, a high density 
(around (5.4-6.9)·10
22
 m
-3
) of nano-sized Y2O3 or TiC particles with 
sizes in the range of 1-50 nm, and a porosity limited to a few percents. 
The smallest particles are located inside the W grains and the largest 
ones at the grain boundaries. In general, the Y2O3 and TiC particles 
appear faceted and crystalline but show no coherency with the 
surrounding W matrix. EDS and EELS analyses in TEM confirmed the 
existence of such particles, but the presence of more complex 
precipitates or oxide particles cannot be excluded. In the case of W-Y 
materials, it was found that all the Y transformed into Y2O3 during 
mechanical alloying, due to the large O content in the milled powders, 
typically around 1 wt.%. 
In what concerns the mechanical properties, the results of tensile tests, 
Charpy impact tests, three-point bending tests and fracture toughness 
measurements showed that the DBTT of the materials should lie in 
between 1100 and 1200°C. The materials appear fully brittle at low to 
intermediate temperatures, associated with low fracture toughness 
values, around 5.5 MPa·m½, and low bending strength values at 
fracture, in the range of 650-800 MPa. On the one hand, systematic 
microhardness measurements showed that the microhardness of the 
materials increases with their density. On the other hand, as the 
particles at the grain boundaries seem to act first as strengtheners and 
stabilizers of the grain boundaries (and second as crack nucleation 
sites), the bending strength at fracture should be closely related to the 
size distribution and concentration of the particles. Therefore, the 
microhardness versus the density and the bending strength versus the 
particle content relationships have been studied more in detail, as 
Chapter 4 Discussion  
150 
reported below. As the size of the particles was found similar in all the 
materials, the bending strength versus the particle size relationship 
was not analyzed in detail. 
4.4.2 Microhardness versus density 
Vickers microhardness values were calculated from experimental 
density values and compared to experimental Vickers microhardness 
values , according to the following procedure [2]: 
Tabor [23] suggested the following linear relationship between the 
Vickers hardness, HV, and the yield stress, Y, for non-strain-hardening 
materials: 
       (4.2) 
Doraivelu et al. [24] reported that the yield stress of a material with low 
relative density can be expressed by using the yield stress of the fully 
dense material and the functional parameter δ as follows: 
  
      
  (4.3) 
where Y0 and YR are the yield stress of the fully and partially dense 
materials, respectively. The functional parameter δ is dependent on the 
relative density, R, and can be written as: 
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where δ is equal to one at full density (R = 1) and to zero at some 
critical value (R = Rc) that is near the density where the material loses 
all mechanical strength. 
By combining equations (4.2) and (4.4), the relationship between the 
hardness and the relative density can be expressed as: 
     
 
      
 
  
 
  
  
     
 
    
  (4.5) 
where H0 and HR are the hardness of the fully and partially dense 
materials, respectively. Since the hardness of fully dense W-base 
materials is not known, H0 was substituted with H88 for sintered 
materials and H99 for HIPped materials, which are the Vickers 
microhardness values of the materials at a relative density of 88% and 
99%, respectively. Therefore, equation (4.5) can be written as: 
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Calculated hardness values versus relative density values are reported 
in Figure 4.10 together with experimental ones. It can be seen that 
there is a good agreement between calculated and experimental 
hardness values, which indicates that the dominant factor influencing 
the hardness of W-base materials is actually their relative density. 
 
 
(a) 
 
(b) 
Figure 4.10: Calculated (lines) and experimental (dots) hardness 
values versus relative density values for (a) sintered materials, and 
(b) HIPped materials (present work). 
4.4.3 Bending strength versus particle content 
The bending strength values at fracture reported in the literature and 
those obtained in the present work are plotted in Figure 4.11.a versus 
the TiC content. It can be seen that the bending strength at fracture 
increases with the TiC content, confirming that the particles act as 
strengtheners for the grain boundaries. Note that the values reported 
by Kurishita et al. have been obtained at room temperature, while the 
values obtained in the present work have been measured between 500 
and 1100°C. Therefore, as expected, the values obtained in the present 
work for the HIPped W-1.7TiC material are much smaller than the 
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values obtained by Kurishita et al. for a variety of HIPped W-TiC 
materials. 
The bending strength values at fracture and the yield strength values 
reported in the literature for the W-0.5Y2O3 as well as the bending 
strength values obtained in the present work for the W-2Y material are 
plotted in Figure 4.11.b versus the test temperature. As expected, the 
values obtained in the present work for the W-2Y materials are much 
larger than the values reported in [3] for the W-0.5Y2O3 material, in 
good agreement with the larger density, hardness and Y2O3 content in 
the W-2Y material (assuming that all the Y transformed into Y2O3) and 
to the fact that much smaller grains were obtained in the present work 
with respect to the grain size distribution reported in [3] for the 
W-0.5Y2O3 material. 
 
 
(a) 
 
(b) 
Figure 4.11: (a) Bending strength at fracture versus TiC content for 
various W-TiC materials tested either at room temperature [19] or 
at higher temperatures [present work], and (b) bending strength at 
fracture or yield strength versus test temperature for the W-0.5Y2O3 
[3] and W-2Y [present work] materials. 
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4.5 General discussion 
One of the main limitations of the use of W-base materials as structural 
materials in fusion reactors is their inherent low fracture toughness at 
all temperatures associated with a high DBTT value (usually well above 
ambient temperature), which are strongly dependent on the chemical 
composition (alloying elements, impurities) and the production history 
(e.g. forging, stress release heat treatment), i.e., the microstructural 
state (e.g. grain size and shape, texture, grain boundary character), as 
well as on mechanical factors like the strain rate. Oxidation resistance 
is another limiting factor to using W-base materials at high 
temperatures. Indeed, although W presents a good resistance to most 
chemical agents, the oxidation layer is broken at 500°C and the 
formation of WO3 above 800°C (which presents very high volatility 
because it becomes gaseous at about 1700°C) favors the progression of 
oxidation, leading to linear oxidation kinetics as the temperature 
approaches 1100°C [3]. 
According to the results obtained in the present work and those 
reported in the literature, the addition of oxide or carbide particles to a 
W matrix has several advantages: 
 It enhances the densification of powders, in favoring the apparition 
of liquid phase sintering in addition to solid phase sintering and the 
reduction of the sintering temperature, in the case of compaction of 
the powders by sintering, and in favoring the welding of powder 
particles (due to a bimodal distribution in elemental powder sizes) 
and the reduction of porosity (the particles filling the pores) in the 
case of compaction of the powders by HIPping. 
 It leads to a refinement of the microstructure, i.e., to smaller grain 
sizes, in stabilizing the grain boundaries during compaction of the 
powders by sintering or HIPping. 
 It improves the mechanical strength (e.g. microhardness, bending 
strength, yield strength) in strengthening the grain boundaries and 
providing obstacles to the propagation of mobile dislocations. 
 It improves the corrosion resistance against liquid metals and the 
oxidation resistance. 
 It improves the radiation resistance, in providing additional sinks 
for the irradiation-induced defects (e.g. vacancies, interstitial 
atoms, helium and hydrogen ions). 
However, the addition of oxide or carbide particles to a W matrix also 
exhibits several drawbacks: 
 The melting point of Y2O3 (2439°C) is much lower than that of W 
(3422°C), the melting point of TiC (3160°C) being only slightly 
smaller than that of W. 
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 The presence of large particles tends to embrittle the material, as 
the large particles act as stress concentrators and therefore as 
crack nucleation sites, due to differences in the properties (e.g. 
thermal expansion coefficients) of the W matrix and the particles, 
which leads to easy intergranular cracking and cleavage and to a 
decrease in the bending strength at fracture, which so becomes 
much smaller than the yield strength. 
Based on the results obtained in the present work and the available 
literature data, what could be done for improving the mechanical 
properties of W-base materials at low to moderate temperatures? 
Actually, the microstructure and chemical composition of W-base 
materials should be modified in order to meet the following 
requirements: reinforcement of the grain boundaries, suppression of 
the residual porosity, and optimization of the grain size. Indeed, weak 
grain boundaries favor easy intergranular cracking instead of 
transgranular one. Residual porosity yields a small density and then 
small mechanical strength values. In addition, the large pores, like the 
large oxide and carbide particles, act as crack nucleation sites and 
favor small fracture strength values. A very small grain size is expected 
to yield an improved ductility, in favoring grain boundary sliding, the 
microstructural mechanism controlling the superplasticity phenomenon. 
However, the grain sizes that are achievable in W-base materials are 
presently not small enough for allowing such a mechanism to occur at 
low to moderate temperatures. This means that for the typical 
achievable grain sizes, the following Hall and Petch relation still holds: 
       
  
  
 (4.7) 
where σy is the yield stress, d is the diameter of the grains, σ0 is a 
constant (stress friction) that is dependent on temperature and 
chemical composition and is similar to the yield stress of a single crystal 
(d-½ = 0), and ky is a constant that is independent of temperature, 
chemical composition and strain rate. Usually, fracture of a material 
occurs when the yield stress overcomes the fracture strength. 
Therefore, within the Hall and Petch regime, one way of circumventing 
this phenomenon would be to reduce the yield strength in increasing 
the grain size. 
In what concerns the preparation of mechanically alloyed powders, very 
high purity argon or hydrogen, instead of pure argon, could be used as 
mechanical alloying atmosphere. However, such atmospheres are 
usually not used in the industry, which means that such a procedure 
could not be easily up-scaled to larger powder quantities. It would be 
interesting to increase the mechanical alloying time in order to check 
whether a longer milling time could yield the fracture of powder 
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particles to overcome their welding and then the eventual formation of 
a more homogeneous distribution of finer powder particles and/or the 
formation of oxide and carbide particles showing more coherency with 
the W matrix. Indeed, it was found that a milling time of 15 hours yields 
the formation of crystalline, slightly faceted, but not coherent particles. 
XRD spectra seem to indicate that already after a very short mechanical 
alloying time of 1 hour the second phase peak is not visible. This is due 
to the homogenizing, refining and/or dissolving of the particles into the 
tungsten matrix. However, the disappearance of Y2O3, Y or TiC peaks in 
XRD spectra cannot be taken as a proof for the extension of solid 
solubility limits of the concerned elements by mechanical alloying and 
for the complete dissolution of the particles within the W matrix [25, 
26]. Indeed, when the content of the second phase is very small and the 
size of the particles refined by the mechanical alloying process the 
corresponding peaks disappear naturally in XRD spectra. It was shown 
in the literature that a content of 2 wt% can be easily detected when 
the particle size is in the range of 25-40 µm, but a content of 25 wt% is 
required when the particle size is in the range of 0.05-1 µm [27]. The 
general opinion is that Y2O3 and TiC particles dissolve during the 
mechanical alloying process and precipitate, in the same form or more 
complex ones, during the compaction process. To which point this 
phenomenon occurs is presently the subject of a strong debate in the 
scientific community and depends of course on the mechanical alloying 
conditions. In the present work, the observation of incoherent, or at 
least not fully coherent, particles could indicate that the original 
particles were not completely dissolved during the mechanical alloying 
process but were simply refined and increased again in size during the 
HIPping process. A longer milling time could eventually lead to a 
complete dissolution of the particles with precipitation of new particles, 
eventually more complex in chemical composition and/or more coherent 
with the W matrix, during the HIPping process. But this should be 
checked as well as the effects of such particles on the mechanical 
properties of W-base materials. 
Compaction of the mechanically alloyed powders by sintering doesn't 
yield density values that are high enough and has to be complemented 
with thermal-mechanical treatments. Increasing the sintering 
temperature usually yields an increase in the grain size and the density 
and then in the microhardness. However, it also yields an increase in 
the size of the particles and then a decrease of the bending strength. 
Compaction of the mechanically alloyed powders by HIPping yields 
much higher density values. The density of the materials, and then their 
mechanical strength, increases with the HIPping pressure. However, no 
ductility of the materials at low to moderate temperatures was achieved 
even by using a very high HIPping pressure of 1 GPa [22]. Thermal-
mechanical treatments yield an increase in the grain size and the 
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density and allow strengthening the grain boundaries, via the re-
crystallization process, which leads to an increase in the bending 
strength at fracture. Hot compression forming was found to yield some 
ductility at ambient temperature [22]. However, this apparent ductility 
still has to be confirmed by means of tensile tests, Charpy impact tests, 
fracture toughness measurements and/or analyses of fracture surfaces, 
as the ductility was evidenced only in load-displacement curves 
obtained from three-point bending tests [22], which could lead to some 
misinterpretation of the mechanical properties, as unstable crack 
propagation may yield similar load-displacement curves. Thermal-
mechanical treatments of W-base materials are very difficult to achieve, 
due to the high strength of such materials. In Europe these can be done 
mostly at the Plansee company, but unfortunately only on very large 
ingots for the time being. Note finally that W-base materials are so 
intrinsically brittle materials that even in the ductile regime evidenced 
at very high temperatures by means of Charpy impact tests and 
fracture toughness measurements, for instance, they often appear to 
fracture in a purely brittle manner. 
The resistance to irradiation of W-base materials appears very 
promising, in the sense that no irradiation-induced defects were 
evidenced in the present work following irradiation with Fe and He ions 
at 500°C to 5 dpa and 1000 appm He, while no radiation hardening was 
measured following neutron irradiation at 600°C to 0.15 dpa [19]. This 
has to be confirmed by performing irradiations at higher temperatures 
to much larger doses. Fusion-relevant temperatures and doses for W-
base materials are typically in the range of 600-1300°C and 
100-150 dpa, respectively. 
In summary, in the aim to improve the ductility and fracture behavior of 
W-base materials, the oxygen content and residual porosity should be 
first reduced to minimum values. This could be done by increasing the 
size of the elemental powder particles (in order to treat with smaller 
surfaces) and/or modifying mechanical alloying conditions (atmosphere, 
handling of the powders) and/or applying thermal-mechanical 
treatments. The grain size should be also optimized as well as the 
repartition, size distribution, number density and crystallographic 
features of the oxide and carbide particles. Solid solution alloying with 
other elements is another strategy for improving the ductility and 
fracture behavior of W-base materials. However, the choice of alloying 
elements is very limited as it relies upon the residual radioactivity and 
decay heat shown by these elements following irradiation in fusion-
relevant conditions. 
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Chapter 5: Conclusions and Perspectives 
5.1 Conclusions 
A variety of W-base materials, namely W-(0.3-1.0-2.0)Y2O3, W-(0.3-1.0-
2.0)Y and W-(0.3-0.9-1.7)TiC materials (in weight percent) have been 
successfully produced at the laboratory scale by powder metallurgy 
techniques including mechanical alloying followed by either cold 
pressing and sintering or hot isostatic pressing (HIPping). 
The optimal chemical compositions among those investigated have been 
identified on the basis of two main results: (1) the density and the 
microhardness of the materials increase with the Y2O3, Y or TiC 
content, and (2) 2 wt.% Y2O3 make the material too brittle for the 
compaction process. Therefore, the W-1Y2O3, W-2Y and W-1.7TiC 
materials have been selected for more detailed microscopic and 
macroscopic investigations. 
The optimal mechanical alloying parameters, among those investigated 
and with the planetary ball mill at disposal, have been identified: (1) the 
ball-to-powder ratio should be around 10:1, (2) the milling speed should 
be around of 300 rpm, (2) the milling time should be around 15 hours in 
order to achieve a good dissolution of Y2O3, Y or TiC powder particles 
into the W matrix and a homogeneous distribution of small crystallites, 
typically in the range of 1-15 µm, and to limit air contamination as well 
as contamination with the jar and milling ball material. 
The optimal compaction parameters, among those investigated and with 
the experimental devices at disposal, have been identified: (1) HIPping 
is preferred over sintering for achieving better density and 
microhardness values, (2) the HIPping temperature should be around 
1320°C, (3) the HIPping pressure should be around 200 MPa, and (4) 
the HIPping time should be around 3 hours. 
Microscopic investigations showed that the HIPped W-1Y2O3 material is 
composed of a bimodal distribution of coarse grains, with a mean size 
around 500 nm, and smaller ones, with a mean size around 50 nm, and 
contains a high density (5.79·1022 m-3) of crystalline Y2O3 particles, not 
coherent with the W matrix. The particles have sizes between 1 and 
50 nm, the smaller particles being located inside the grains and the 
larger ones at grain boundaries. The HIPped W-2Y material is 
composed of more homogeneous distribution of smaller grains, with 
sizes ranging between 20 and 100 nm, and contains a high density 
(6.89·1022 m-3) of crystalline Y2O3 particles, not coherent with the W 
matrix. The particles have also sizes between 1 and 50 nm, the smaller 
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particles being located inside the grains and the larger ones at grain 
boundaries. It seems that all the Y transformed into Y2O3 during 
mechanical alloying, due to the high amount of O (around 1 wt.%) 
present in the milled powders, which is beneficial for reducing the 
excess O content in the materials. The HIPped W-1.7TiC material is 
composed of a bimodal distribution of coarse grains, with a mean size 
around 160 nm, and smaller ones, with a mean size around 40 nm, and 
contains a high density (5.45·10
22
 m
-3
) of TiC particles. The TiC 
particles have also sizes between 1 and 50 nm, the smaller particles 
being located inside the grains and the larger ones at grain boundaries. 
In addition to Y2O3 or TiC particles, more complex precipitates and/or 
oxide particles could be also present in the various materials. All 
material contains a residual porosity of a few percents, which is typical 
of materials compacted by HIPping. 
Macroscopic investigations showed that the HIPped W-1Y2O3 and W-2Y 
materials exhibit high microhardness values at ambient temperature of 
about 1275 and 1900 HV0.2, respectively. The HIPped W-2Y material 
also exhibits low fracture toughness values of about 5.5 MPa·m
½
 up to 
the high maximum investigated temperature of 1000°C, a brittle 
behavior in Charpy impact tests at the high investigated temperature of 
1000°C, and a brittle behavior in three-point bending tests up to the 
maximum investigated temperature of 1100°C, associated with bending 
stresses ranging between 650 and 800 MPa. Tensile tests confirmed 
that the material is brittle at 1000°C but ductile at 1300°C. Therefore, 
the ductile-to-brittle transition temperature of the HIPped W-2Y 
material should lie between 1100 and 1200°C. The W-1.7TiC material 
also exhibits a high microhardness value of about 1200 HV0.2 at ambient 
temperature. It was found brittle in three-point bending tests up to the 
maximum investigated temperature of 1000°C, associated with bending 
stresses ranging between 580 and 690 MPa. 
For comparison purposes, a W-2Y powder batch was mechanically 
alloyed at the laboratory scale and compacted by sintering and forging 
at the Plansee company (Austria). The material was found to contain 
numerous cracks. It is composed of coarse grains with sizes ranging 
between 200 nm and 4 µm and contains an inhomogeneous distribution 
of large Y2O3 particles with sizes ranging between 100 nm and 2 µm. 
This W-2Y material exhibits a relatively low microhardness value of 
about 500 HV0.2 at ambient temperature. It was found brittle in three-
point bending tests up to the maximum investigated temperature of 
1000°C, associated with relatively low bending stresses ranging 
between 150 and 370 MPa. 
No irradiation-induced damage was evidenced in the HIPped W-1.7TiC 
material irradiated with Fe and He ions at 500°C to a dose of about 
5 dpa and a He content of 1000 appm, which is indicative of a good 
resistance of this material to irradiation. 
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In summary, the materials produced entirely at the laboratory scale are 
of better quality than the material produced partially by the Plansee 
company, as they exhibit a higher density and larger strength values 
and contain smaller grains and a finer distribution of smaller particles. 
However, the materials produced entirely at the laboratory scale are 
brittle up to very high temperatures and, although their resistance to 
irradiation appears promising, their fracture properties still have to be 
improved in view of their potential applications as structural materials 
in the future thermonuclear fusion reactors. 
5.2 Perspectives 
In order to improve the fracture behavior of W-base materials, the 
oxygen content in the mechanically alloyed powders should be first 
reduced. In order to achieve that goal a variety of solutions may be 
envisaged: for instance, very pure argon or hydrogen, instead of pure 
argon, could be used as mechanical alloying atmosphere, and the size of 
the elemental powder particles could be increased, in order to deal with 
smaller surfaces. The residual porosity of the HIPped materials should 
also be reduced or possibly suppressed in applying thermal-mechanical 
treatments, such as hot rolling or hot forging. The grain size should be 
also optimized as well as the size distribution, number density and 
crystallographic features of the oxide and carbide particles. 
The production of W-base alloys, instead of oxide or carbide 
strengthened W-base materials, appears also interesting, as the 
addition of Re has proven to be able to improve strongly the ductility 
of W. Therefore, W-V, W-Ta, and W-Ti alloys reinforced or not with 
Y2O3 or TiC particles are under development in a number of 
laboratories. However, recent ab initio calculations have shown that Re 
could actually be the single chemical element allowing for an 
improvement in the ductility of W-base materials [D. Nguyen-Manh, M. 
Muzyk, K.J. Kurzydlowski, N.L. Baluc, M. Rieth, and S.L. Dudarev, 
"First-principles modeling of tungsten-based alloys for fusion power 
plant applications", Key Engineering Materials Vol. 465 (2011) pp 15–
20]. 
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